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SUMMARY
________________________________ 
As a consequence of several structural failures in the last decades, the European 
Standard EN 1990 (2002) ‘Basis of structural design’ incorporated the following 
requirement with respect to robustness: “A structure shall be designed and 
executed in such a way that it will not be damaged by events such as explosion, 
impact and the consequence of human errors to an extent disproportionate to the 
original cause”. In addition, the European Standard EN 1991-1-7 (2006) ‘Actions 
on structures – Part 1-7: Accidental actions’ points to strategies to enhance 
structural robustness, emphasising amongst others the favourable contribution of 
developing alternate load paths in case of abnormal loading events. The 
investigations reported in the present thesis aim for a better understanding of the 
alternate load path provided by the transition from a flexural to a tensile load 
transfer. In particular, the load transfer provided by tensile membrane action 
developing at very large displacements after a support removal scenario and, 
subsequently, excessive loading is investigated. It is widely appreciated that this 
tensile membrane behaviour has a positive effect on the structural behaviour. The 
ultimate limit state behaviour for tensile membrane action developing in slabs, 
however, is largely unknown due to the limited amount of experimental large-
scale investigations. 
Based on an extensive literature review, an experimental program has been 
elaborated in order to investigate tensile membrane action developing in a 
restrained one-way concrete slab. A unique test set-up has been developed 
allowing a loading test on a four-span reinforced concrete slab strip under 
longitudinal elongation restraint into the region of large deflections.  
The tested slabs were 140 mm or 160 mm thick and 1800 mm wide with a 
geometric reinforcement ratio of about 0.5 %. The total length of each specimen 
was 14.3 m, whereas the distance between the inner supports and the central 
support was 4 m. These spans changed to one span of 8 m between the inner 
supports after the controlled removal of the central support, thus simulating an 
accidental event. 
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Further, also a testing procedure was elaborated, consisting of 3 phases (i.e. 
loading until an arbitrary preloading level, removal of the central support and 
loading until failure). During the first phase, the load was gradually increased up 
to the preloading level for the situation where the central support was still present. 
Subsequently, the slab was unloaded. In a second phase, the central support of the 
specimens was gradually removed in order to simulate a failure of the support and 
to obtain valuable data regarding the robustness of the specimens. Accordingly, 
the two inner spans of 4 m each, changed to a single span of 8 m. The specimens 
were allowed to bend progressively in the central span of the slab, resulting in a 
redistribution of stresses and the development of an alternate load path 
distributing the emerging forces to the remaining supports. Finally, in the third 
phase, the load was applied again by two line loads in a displacement controlled 
manner until failure. With increasing vertical deflections of the specimens the 
slabs’ ends started to move inwards provoking a significant increase in the load-
carrying capacity due to emerging tensile membrane forces established by a 
horizontal restraining system. 
In total three different tests on slab strips with horizontal restraint were 
performed. In case of slab 1, the longitudinal top and bottom flexural 
reinforcement was continuous over the entire length of the specimen.  Hence, no 
reinforcement curtailing was applied. Further, a second specimen featuring a 
realistic reinforcement curtailment was tested. In case of slab 3 the longitudinal 
flexural reinforcement was curtailed similar to slab 2, but the thickness of the slab 
was reduced from 160 mm to 140 mm. In all three tests, tensile membrane action 
was activated during the third phase of testing, significantly increasing the load 
carrying capacity of the specimen under investigation. During the tests, manual 
measurements were executed after each successive increase of the load or 
displacement, comprising dial gauges, crack widths measurements and DEMEC 
measurements. Further, around 60 digital channels were recording the digital 
measurements comprising displacements, horizontal (membrane) and vertical 
(reaction) load cell forces and strain measurements with stirrups. 
Each tested slab strip was exposed to three distinct stages: an elastic, plastic and 
tensile membrane stage. The development of displacements, strain measurements 
as well as the horizontal forces within this investigation confirmed a load transfer 
process from an elastic bending mechanism, over a plastic stage towards a tensile 
membrane mechanism controlled by tension. As tensile membrane forces 
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developed, the load bearing capacity was able to increase until approximately 3 
times the service load for slab 1 and 2.6 times for slab 2 (despite the removal of 
the central support). For slab 3 the ultimate collapse load even amounted to about 
3.6 times the service load. Hence, the importance of quantifying this additional 
bearing capacity became clear, especially in robustness analysis, as otherwise one 
disregards an inherently available and very large additional safety. 
The test results provide a unique set of detailed experimental data (crack widths, 
deformations, rotation angles, displacements, etc.) allowing for a detailed analysis 
and refined comparisons with respect to the structural response under tensile 
membrane action as well as regarding the failure criteria. 
Finite element modelling was used to simulate the structural behaviour of one-
way slabs under large deformations and tensile membrane actions. On the basis of 
the experimental findings, the numerical model was validated with special 
attention to material models, mesh definition and boundary conditions accounting 
for highly non-linear material performances as well as geometrical non-linear 
behaviour. In summary, the load-displacement curves until the failure of the top 
reinforcement bars, displacements, rotation angles, the development of strains and 
tensile membrane forces were calculated within a reasonable tolerance and 
showed good agreement with the laboratory tests. As such, it is demonstrated that 
the developed finite element model is a suitable tool being capable to predict the 
structural response under tensile membrane forces. 
By means of this developed finite element model, a parametric study was 
conducted. In this study the influence of several geometries (various span lengths, 
thicknesses and reinforcement ratios), material assumptions (various steel 
qualities and ultimate reinforcement strains) and boundary conditions are 
investigated and discussed.  
A literature study with respect to analytical models for tensile membrane action 
was performed serving as a starting point for the analytical investigation. On the 
basis of the standard plastic theory an analytical model is proposed firstly 
considering perfectly restrained edges. The loading response, the formation of 
tensile membrane action and the failure load is accounted for. Further, the 
proposed method was applied and refined in order to simulate the structural 
behaviour of the conducted slab experiments by incorporating non-linear 
horizontal movements of the restraining system. The calculation results were 
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compared with numerical and experimental findings and the analysis results show 
good agreement. 
In the presented PhD thesis it is demonstrated by means of experimental, 
numerical as well as analytical investigations that the development of tensile 
membrane behaviour as a result of horizontal edge restraint is capable of 
generating a considerable strength reserve significantly increasing the loading 
response of one-way reinforced concrete slabs when very large deformations 
occur. The insights gained from these investigations give strong evidence of the 
beneficial contribution of tensile membrane action to the loading capacity and 
robustness of concrete structures in accidental load situations. The developed 
numerical and analytical calculation techniques are shown to be feasible tools not 
only to quantify the loading response corresponding to the experimentally 
observed ultimate limit state behaviour but also to predict the structural response 
under tensile membrane action for other boundary conditions and material 
characteristics serving as a general calculation framework to include tensile 
membrane action in conventional design when robustness is considered. 
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SAMENVATTING
________________________________ 
Naar aanleiding van verschillende structurele ongevallen die hebben 
plaatsgevonden tijdens de laatste decennia, vermeldt de Europese norm EN 1990 
(2002) ‘Grondslag voor constructief ontwerp’ de volgende eis met betrekking tot 
robuustheid: “Een constructie moet zodanig ontworpen en uitgevoerd worden dat 
zij niet zal worden beschadigd bij voorvallen als ontploffingen, schokbelastingen 
en de gevolgen van menselijke fouten, in een mate die niet in verhouding staat tot 
de aanvankelijke oorzaak”. Bijkomend levert de Europese norm EN 1991-1-7 
(2006) ‘Belastingen op constructies – Deel 1-7: Accidentele belastingen’ een 
aantal strategieën aan om de constructieve robuustheid te verhogen, onder andere 
rekening houdend met het voordelige effect van een tweede draagweg in het 
geval van een accidentele belasting. Het onderzoek dat beschreven wordt in deze 
doctoraatsthesis heeft als doel om dieper in te gaan op het ontstaan van een 
tweede draagweg wanneer het constructieve gedrag overgaat van buiging naar 
een krachtsoverdracht op basis van trekkrachten. In het bijzonder wordt de 
krachtenherverdeling bestudeerd in het geval van trekmembraanwerking onder 
grote vervormingen na het wegvallen van een steunpunt of door overmatige 
belasting. Het is reeds algemeen bekend dat dit trekmembraangedrag een 
positieve invloed heeft op het constructieve gedrag. Over het bezwijkgedrag van 
platen die onderworpen worden aan trekmembraanwerking is echter weinig 
informatie beschikbaar, voornamelijk door het ontbreken van 
onderzoeksresultaten van proeven op grote schaal. 
Op basis van een uitgebreide literatuurstudie werd een experimenteel 
proefprogramma uitgewerkt om het trekmembraangedrag in enkelvoudig 
dragende ingeklemde betonplaten te bestuderen. Hiervoor werd een unieke 
proefopstelling ontwikkeld die toelaat om belastingsproeven met grote 
vervormingen uit te voeren op een betonnen plaatstrook met 4 overspanningen en 
verhinderde horizontale vervorming.  
De beproefde betonplaten zijn 140 mm of 160 mm dik en 1800 mm breed met 
een geometrisch wapeningspercentage van ongeveer 0.5 %. De totale lengte van 
de proefstukken was 14.3 m; de afstand tussen de tussensteunpunten en het 
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middensteunpunt bedraagt 4 m. Deze overspanning verandert vervolgens in een 
overspanning van 8m tussen de tussensteunpunten wanneer het middensteunpunt 
wegvalt door het gecontroleerd verwijderen ervan. Dit laatste simuleert het 
accidenteel wegvallen van een dergelijk steunpunt. 
Daarnaast werd ook een belastingsprocedure vastgelegd, bestaande uit 3 fasen (nl. 
belasten tot een vooraf bepaalde initiële belasting, verwijdering van het 
middensteunpunt en belasten tot falen). Tijdens de eerste fase wordt de belasting 
geleidelijk verhoogd tot de initiële belasting, terwijl het middensteunpunt nog 
steeds aanwezig is. Vervolgens wordt de belasting terug verlaagd tot 0 kN. In een 
tweede fase wordt dan het middensteunpunt verwijderd om het falen van een 
steunpunt te simuleren en met als doel het bekomen van extra informatie met 
betrekking tot de robuustheid van het element. Op deze manier gaan 2 
overspanningen van 4 m over in 1 overspanning van 8 m. Doordat de 
proefstukken vrij kunnen doorbuigen in deze centrale overspanning, kan er een 
herverdeling van spanningen worden gerealiseerd die in staat is de optredende 
krachten af te leiden naar de overblijvende steunpunten en op deze manier een 
tweede draagweg te creëren. Tenslotte wordt in de laatste fase opnieuw een 
belasting aangebracht door middel van 2 lijnlasten, ditmaal verplaatsingsgestuurd 
en tot falen van het element. Bij toenemende verticale doorbuiging zouden de 
uiteinden van de proefstukken een horizontale inwaarts gerichte beweging 
ondergaan. Ten gevolge van de verhindering van deze inwaartse verplaatsing, 
ontstaan trekmembraankrachten die op hun beurt zorgen voor een significante 
toename van het draagvermogen. 
In totaal worden 3 verschillende betonnen plaatstroken beproefd met een 
horizontaal verhinderde inwaartse verplaatsing. In het geval van plaat 1 is de 
langswapening voor buiging doorlopend over de volledige lengte van het 
proefstuk. De wapening wordt in deze plaat dus niet geschorst. Vervolgens wordt 
een tweede proefstuk vervaardigd met een meer realistische geschorste 
wapeningsconfiguratie. In het geval van plaat 3 wordt de langswapening opnieuw 
geschorst zoals voor plaat 2, maar de dikte wordt gereduceerd van 160 mm tot 
140 mm. Bij elk van deze 3 proeven treedt trekmembraanwerking op tijdens de 
derde fase van de belastingsprocedure, hetgeen leidt tot een significante 
verhoging van het draagvermogen van deze proefstukken. Tijdens de proeven 
worden tijdens opeenvolgende belastingsstappen (of verplaatsingsstappen) 
manuele metingen uitgevoerd aan de hand van onder andere meetklokken, 
scheurmicroscopen en DEMEC meetinstrumenten. Verder worden ongeveer 60 
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digitale meetkanalen gebruikt om digitale metingen uit te voeren van 
verplaatsingen, horizontale (membraan)krachten en verticale (reactie)krachten en 
rekken aan de hand van meetbeugels. 
Elke beproefde betonplaat wordt blootgesteld aan 3 verschillende fasen: een 
elastische fase, een plastische fase en een fase met membraanwerking. De 
ontwikkelde verplaatsingen, rekken en horizontale krachten bevestigen de 
overgang van een elastisch buigingsgedrag, over een plastisch gedrag naar een 
trekmembraanwerking gedomineerd door trekkrachten. Door het ontstaan van 
trekkrachten, neemt de draagkracht toe tot ongeveer 3 keer de gebruiksbelasting 
voor plaat 1, 2.6 keer de gebruiksbelasting voor plaat 2 en 3.6 keer de 
gebruiksbelasting voor plaat 3. Het is dus duidelijk van belang om deze extra 
sterktereserve te kunnen begroten, zeker in het geval van robuustheidsanalyses, 
aangezien anders een aanzienlijke inherent aanwezige veiligheid over het hoofd 
wordt gezien. 
De proefresultaten leveren een unieke set van gedetailleerde experimentele data 
(scheurwijdtes, vervormingen, rotatiehoeken, verplaatsingen, etc.), hetgeen 
toelaat om een gedetailleerde analyse en vergelijking uit te voeren met betrekking 
tot het structureel gedrag en bezwijkgedrag onder trekmembraanwerking. 
Eindige elementen modellering wordt gebruikt om het constructief gedrag van 
betonplaten die in één richting afdragen te simuleren wanneer deze onderworpen 
worden aan grote vervormingen en trekmembraanwerking. Het numerieke model 
wordt gevalideerd aan de hand van de experimentele proeven, waarbij aandacht 
wordt besteed aan de keuze van materiaalmodellen, de mesh en de 
randvoorwaarden voor het bestuderen van zowel niet-lineair materiaalgedrag als 
geometrisch niet-lineair gedrag. Op basis van de resultaten van de belasting-
verplaatsingscurves, verplaatsingen, rotatiehoeken en de ontwikkeling van rekken 
en trekmembraankrachten wordt besloten dat de numerieke resultaten een goede 
overeenkomst vertonen met de resultaten van de laboratoriumproeven. Het 
ontwikkelde numerieke model blijkt dus een geschikte tool om het constructieve 
gedrag onder trekmembraanwerking te voorspellen. 
Aan de hand van dit ontwikkelde eindige elementenmodel wordt een 
parameterstudie uitgevoerd. Hierbij wordt de invloed bestudeerd van 
verschillende geometrische aspecten (verschillende overspanningen, diktes, 
wapeningspercentages), verschillende aannames met betrekking tot het 
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materiaalgedrag (verschillende staalkwaliteiten en breukrekken) en verschillende 
randvoorwaarden. 
Verder wordt een literatuurstudie uitgevoerd met betrekking tot de beschikbare 
analytische modellen voor trekmembraanwerking. Deze studie dient als 
uitgangspunt voor het uitvoeren van een analytische studie. Op basis van de 
plasticiteitstheorie wordt vervolgens een analytisch model ontwikkeld dat in staat 
is het belastingsgedrag, het ontstaan van trekmembraankrachten en de 
bezwijkbelasting te bepalen, in eerste instantie rekening houdend met perfecte 
inklemmingen aan de uiteinden. Vervolgens werd het model verfijnd om 
eveneens rekening te houden met het werkelijk optredend gedrag van de 
experimenteel beproefde betonplaten, door het in rekening brengen van het niet-
lineair gedrag van de horizontale verplaatsingen door het gebruikte 
verankeringssysteem. De resultaten van deze berekeningen worden vergeleken 
met de numerieke resultaten en experimentele observaties en tonen een goede 
overeenkomst. 
In dit doctoraatsproefschrift werd het ontstaan van trekmembraanwerking als 
gevolg van horizontale randinklemmingen bestudeerd met behulp van 
experimentele, numerieke en analytische methoden. Meerbepaald werd 
onderzocht hoe deze trekmembraanwerking het mogelijk maakt om een 
aanzienlijke sterktereserve te realiseren die toelaat de belasting van betonplaten 
die afdragen in één richting aanzienlijk te verhogen wanneer deze onderworpen 
worden aan grote vervormingen. De resultaten van dit onderzoek illustreren 
duidelijk het voordeel dat gehaald kan worden uit de trekmembraanwerking met 
betrekking tot de draagkracht en de robuustheid van betonconstructies 
onderworpen aan accidentele belastingen. De ontwikkelde numerieke en 
analytische methoden blijken in staat om het experimenteel waargenomen 
bezwijkgedrag te bepalen, maar ook om het structureel gedrag in het geval van 
andere randvoorwaarden en materiaaleigenschappen te voorspellen. De 
ontwikkelde methoden kunnen dus als rekenmethodologie dienen voor het in 
rekening brengen van trekmembraanwerking in een constructief ontwerp waar 
rekening moet gehouden worden met robuustheid. 
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The earliest observations of the collapse of structures 
apparently date back to the year of 226 BC when the Colossus 
of Rhodes, a statue of the Greek Titan Helios, that is considered 
to be one of the seven world wonders, was destroyed in an 
earthquake. However, back then no considerations towards the 
robustness of structures or progressive collapse were made or 
at least they were not passed on.
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I.1. Introduction 
I.1.1. Context of the research topic 
Despite many significant theoretical and technological developments in the past 
few years, one unfortunately has to realize that structural robustness is still an 
issue of controversy being underlined by several structural failures in the past 
decades which sadly are a frequently recurring, worldwide issue. Calamities such 
as the collapse of the apartment building at Ronan Point (UK) in 1968 or more 
recent catastrophes such as the failure of the Alfred P. Murrah Federal Building in 
Oklahoma City in 1995 or the collapse of the World Trade Center in New York in 
2001, have indicated the need to carefully design structures for accidental events 
and have been an unfortunate reminder of the potential fatal risks in case of 
initiation of progressive collapse.  
A very comprehensive overview of many historical examples of structural failure 
was provided by Scheer (2000, 2001) and Proske (2008).    
Comprehensive attention and first attempts towards the assessment of robustness 
of concrete structures emerged as the apartment building at Ronan Point (UK) 
experienced a progressive collapse resulting from a gas explosion in 1968 (Yi et 
al. 2008). Figure I.1 illustrates the impact of this calamity. The consequences 
were considerable, not only for this specific building case and its structural 
concept, but also the prevailing philosophy of multi-storey buildings was 
questioned (Yallop 1969).  
Figure I.1: Progressive collapse at Ronan Point (1968, East London) 
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The gas detonation on the 18
th
 floor of the 24-storey apartment building with a 
precast concrete structure (Pearson & Delatte 2005) disintegrated the wall as 
illustrated in Figure I.2. Consequently, the upper floors experienced a collapse 
and fell down, inducing a chain reaction cascading the collapse to the lower floors 
that caved under the weight one after another (Choi & Chang 2009). 
  
Since this accident, extensive research on progressive collapse has been 
established in order to develop appropriate design guidelines.  
Figure I.2:  Illustration progressive collapse at Ronan Point, (Choi & Chang 2009)  
Subsequently to the malevolent bombing of the Murrah Federal Building on 19
th
April 1995 in Oklahoma City, several changes in the philosophy and practical 
design for important buildings have been made (Tsai & Lin 2008). A truck loaded 
with an ammonium nitrate- and fuel oil-bomb caused the collapse of half of the 
total floor area of the nine-storey, reinforced concrete structure (Osteraas 2006). 
An illustration of the consequences of this terrorist attack is provided in Figure 
I.3.  
The truck bombing triggered a significant damage to the building. It was 
concluded from the characteristics of the bomb crater that the detonation yielded 
energy comparable to that of an explosion of 1,814 kg of trinitrotoluene (TNT). 
The direct blast removed a principle exterior column. Moreover, the associated 
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airblast caused the failure of two other columns and destroyed several floor slabs 
in the immediate vicinity (Mlakar et al. 1998). 
  
Figure I.3:  Murrah Federal Building before (left) and after (right) collapse 
In addition, the bombing attacks on American buildings in several locations and 
the terrorist attacks on the World Trade Center in New York and the Pentagon in 
Washington in 2001, initiated a renewed interest in this research topic. The 9/11 
incident in particular has triggered, like almost no other collapse scenario in the 
past, an unparalleled interest in robustness related issues. The various reasons for 
this interest amongst others included the amount of casualties, the magnitude of 
destruction, the targeted country, the symbolic character of the twin towers as 
well as the real-time television broadcast as summarised by Canisius et al. (2007). 
After all, it was a combination of both safety and public perception, that 
generated a renewed interest in the research topic.      
There are numerous examples of structures subjected to abnormal loading events, 
that exhibited a progressive collapse. Only a few landmark cases have been 
described above. On the other hand, however, there are also some examples of 
structural systems that were exposed to a dramatic overloading without the 
structure collapsing. In the following, the case of a Belgian bridge is discussed.  
In 2007, a truck impact occurred on an intermediate pier of a multi-span concrete 
bridge over the ring road R0 around Brussels. The impact destroyed two 
supporting reinforced concrete columns completely and another two columns 
were damaged. However, the bridge did not collapse although the edge of the 
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transverse coupling beam at the impact side and the pretensioned girders resting 
on it, showed a sag of 25 cm. The degree of damage is illustrated in Figure I.4.   
Figure I.4:  Truck impact on the Wemmel Bridge over the ring road R0 around Brussels 
Although this beam type bridge was not explicitly designed for truck impact, no 
collapse occurred. This very favourable behaviour could be attributed to the 
inherent robustness provided by the membrane action of the cast-in-place deck 
slab under large deflections. Accordingly, the deck was jacked up, new pillars 
were installed and the deck was repaired.  
The design of reinforced concrete structures is usually based on small 
deformation theories. Not only the ultimate limit state should be verified as such, 
but also deflections and crack widths should be kept within adequate 
serviceability limits. However, the risk of a structural failure increases in 
accidental situations, typically combined with large deflections. Under these 
conditions the structural interaction between the different elements becomes 
important in order to provide alternate load paths.  
In the European Standard EN 1990 (2002) the following requirement regarding 
robustness is mentioned:  
"A structure shall be designed and executed in such a way that it will not be 
damaged by events such as explosion, impact and the consequence of human 
errors to an extent disproportionate to the original cause".  
However, it lacks a clear definition of "human errors" and "disproportionate" as 
well as a general formalism that allows to classify design alternatives on the basis 
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of their structural robustness. Related to the basic principles for damage 
mitigation mentioned in EN 1990, three strategies to limit the consequences of 
accidental actions are given in EN 1991 (2006):  
-  to design key load-bearing elements to sustain the effects of a nominal 
accidental action,  
- to limit the damage caused by the notional failure of a load-bearing element 
by means of alternate load paths and finally  
- to apply prescriptive design and detailing rules.
The aim of the present research project is to make use of the inherent 
robustness provided by membrane action in reinforced concrete slabs when 
applying the second method mentioned, i.e. providing for an alternate load 
path.  
I.1.2. Lacunae in current knowledge 
It is widely acknowledged that the provision of alternate load paths is a suitable 
method to increase the robustness of a structure. Slabs are usually designed as 
flexural members i.e. the applied loads are transferred by means of bending 
moments and shear forces. These assumptions are appropriate at low 
deformations. However, in case a slab is exposed to large deformations it can also 
transfer loads by membrane forces (normal forces or stresses parallel to the slab 
plane) offering a secondary support system through an alternate load path 
provided by membrane action.  
Generally, one can distinguish between arching or compressive membrane action 
and catenary or tensile membrane action. The main interest of research in the past 
decades has been focussing on compressive membrane action due to its practical 
importance for performance-based design applications at relatively small 
displacements. Further, it has recently been investigated more profoundly because 
of its importance when quantifying the underestimation of the structural capacity 
due to compressive membrane action as occurring e.g. in bridge decks.  
The increase in load-carrying capacity due to tensile membrane action, on the 
other hand, can only hardly be exploited in practical slab design as under service 
conditions, the deflections would be unacceptably high. Due to this limitation, 
research into membrane action at large displacements has decreased after the 
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pioneering work in the 1960's. However, currently the topic of tensile membrane 
action is a relevant field of investigation again due to its importance with respect 
to robustness analyses under accidental loading and fire conditions in which the 
real ultimate failure behaviour becomes of crucial importance. 
  
Until now, only a limited amount of large-scale tests have been performed to 
investigate these tensile membrane phenomena in concrete slabs. Particularly, the 
influence of cracking, material properties, ultimate rotation capacity and 
restraining boundary conditions requires much more profound scientific research.  
In addition, the necessity of suitable numerical modelling of these phenomena is 
of crucial importance. As there is a lack in experimental knowledge on this 
subject, also verified numerical investigations into membrane action at large 
deflections (such as the related prediction of the load-displacement relationship, 
parameter studies or the quantification of the robustness by robustness indices) 
are rather scarce or unreliable.    
The aforementioned lack of knowledge also applies to the analytical prediction of 
the structural behaviour of slabs subjected to tensile membrane action. By today, 
a profound insight into the influence of different parameters, the limiting values 
for the ultimate load-carrying capacity and the corresponding deformation 
capacity is — to the knowledge of the author — lacking. 
I.2. Research scope and methodology 
I.2.1. Research scope 
The scope of the research project is to perform a fundamental analysis of tensile 
membrane action in reinforced concrete slabs taking into account specific 
boundary conditions and slab configurations, in the framework of robustness 
analyses of concrete structures under accidental loading conditions. New 
analytical and numerical structural models will be developed which allow to 
analyse the structural behaviour into the region of large deflections considering 
the favourable effect of tensile membrane action, i.e. by quantifying the load 
bearing capacity offered by alternate load paths.  
The research project is conceived within the already mentioned "alternate load 
path approach", whereby a primary load-bearing element is notionally removed 
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without explicit consideration of a specific accidental action. It is checked 
whether and to which extent an alternate load path can be provided.  
Within the scope of a single PhD research plan it appears impossible to cover 
robustness of concrete structures in all its aspects. Hence, the presented research 
has focussed specifically on the contribution of tensile membrane action in one-
way concrete slabs to the robustness of constructions with a concrete load-bearing 
structure such as buildings, bridges, etc. 
I.2.2. Research methodology 
At first, an extensive literature study was performed covering the general 
principles of robustness of structures, analytical aspects, available experimental 
results for compressive and tensile membrane action and design models for 
concrete structures subjected to large displacements. At the same time, the 
feasibility of applying an advanced finite element program (TNO DIANA) in the 
framework of this PhD research was explored and first modelling approaches 
were undertaken. 
Based on the literature review, the needs for further investigation into tensile 
membrane action developing in a restrained concrete slab strip subjected to an 
accidental situation (removal of a support), became clear. A unique large-scale 
test set-up has been developed allowing a loading test on a four-span reinforced 
concrete slab strip, under longitudinal restraint against contraction, into the region 
of large deflections. Further, a three-phase testing procedure was elaborated and 
accordingly a complex test set-up was planned, built and three tests were 
executed.  
Simultaneously to the test preparations, a numerical model was established which 
is able to roughly predict the specimen’s behaviour before testing. Subsequently, 
different parameters such as the accurate concrete strength, were implemented 
into the model in order to simulate the behaviour of the executed tests.    
In total, three tests have successfully been conducted. The first test was 
performed in December 2011 on a slab with continuous longitudinal 
reinforcement bars over the entire slab length. The second test was executed in 
June 2012 and this time the slab contained a more realistic curtailed 
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reinforcement. The third test was executed in January 2013. This slab contained 
curtailed reinforcement as well, however, the thickness of the slab was reduced.  
The configuration and loading procedure of all three test set-ups were 
numerically simulated within a reasonable tolerance and showed good agreement 
with the laboratory tests. Hence, the developed model could be used for further 
analyses of these membrane actions in the next phase of the research by 
performing an extensive parametric study.  
Further, an analytical model to describe the development of tensile membrane 
forces and their influence on the load-carrying capacity of one-way reinforced 
concrete slabs has been developed. This analytical model was validated with 
respect to experimental test results as well as numerical calculation results. 
Further, the analytical calculation results were compared with various numerical 
findings considering different slab configurations and material characteristics of 
one-way reinforced concrete slabs subjected to an accidental removal of the 
central support and the ensuring large displacements and membrane actions. 
I.2.3. Outline of the thesis and connection between chapters 
This thesis encompasses seven chapters, grouped into five major parts: 
− This introduction comprises a general introduction into the research 
field. 
− Part A provides an introduction with respect to robustness and the 
current state-of-the-art of research into membrane action is described.  
− Part B focusses on the performed experimental investigation. 
− Part C treats the effect of membrane action theoretically. For this 
purpose both numerical and analytical studies were performed.  
− Finally, the thesis closes with a general conclusion. 
The connection between the different parts and chapters in this thesis is illustrated 
in Figure I.5. 
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Figure I.5: Connection between different parts and chapters in this thesis 
After the general introduction in the current Chapter I, the term robustness is 
explained and some general considerations and robustness measures are discussed 
in Chapter II.  
The structural effect of membrane behaviour developing in reinforced concrete 
slabs and the basic theory is explained and discussed in Chapter III. Different 
types of membrane action are distinguished and a comprehensive literature study 
is provided. 
In Chapter IV, being imbedded in the central part B of the thesis, the 
experimental investigation which was performed in order to investigate the 
favourable effect of tensile membrane action, is explained in-depth. Detailed 
information about the test set-up and the test results is provided.     
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The theoretical part C of the thesis consists of two major chapters (Chapters V 
and VI). In Chapter V, a numerical solution to quantify the structural behaviour 
of the performed large-scale tests is proposed in terms of finite element 
simulations. Based on the experimental results, a verification of the established 
numerical model is provided. Further, this chapter comprises a parametric study 
performed on the validated finite element model considering several model 
configurations eventually allowing to draw conclusions with regard to the 
influence of different parameters. 
Available analytical methods for the assessment of the structural performance 
under membrane action are discussed in Chapter VI. Further, an analytical 
model is developed and validated considering the experimental test results as well 
as the numerical calculations.  
Finally, general conclusions and a summary of the research presented in this 
thesis are given in Chapter VII, together with some suggestions for future 
research. 
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“On the morning of 16 May 1968, Mrs. Ivy Hodge, a 
tenant on the 18th floor of the 22-story Ronan Point apartment 
tower in Newham, east London, struck a match in her kitchen. 
The match set off a gas explosion that knocked out load-bearing 
precast concrete panels near the corner of the building. The 
loss of support at the 18th floor caused … a chain reaction of 
collapses all the way to the ground.” (R. Shankar Nair)
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II.1. Introduction 
The reliability of structures is most often associated with the natural scatter in the 
structural resistance and load effects. Numerous engineering failures, however, 
can be assigned to accidental loading effects that are difficult to define and to 
include into the design (Yi et al. 2008). 
In recent decades the interest in the research field of robustness in structural 
engineering has increased significantly. Initially triggered by events such as the 
aforementioned failure of the Ronan Point Building for which the consequences 
of this dramatic accident were deemed to be unacceptably high in comparison 
with the initial damage, significant efforts to quantify and increase the robustness 
of buildings have been established.   
The explicit interest in this research topic slightly decreased in the 1980s and the 
early 1990s. Yet, threats of terrorism in several locations and the attacks on the 
World Trade Center in New York and the Pentagon in Washington in 2001 
triggered a renewed interest. 
The present Chapter II starts with some considerations of robustness and 
progressive collapse. Several definitions for both the general case as well as for 
robustness related to structural systems, are provided and the effect of progressive 
collapse is explained. While section II.4 focusses on robustness of structures as 
treated in the Eurocodes, section II.5 is dedicated to some selected methods which 
allow quantifying robustness. Finally, the chapter closes answering the question 
how membrane action can increase the robustness of structures followed by some 
concluding remarks and a brief summary. 
II.2. What is robustness? 
II.2.1. General definitions of robustness 
The definitions of robustness vary considerably. In the following, a few general 
descriptions of the term robustness in the context of different fields of application 
are provided which were adopted from (EN 1991-1-7: 2006), (Faber et al. 2006) 
and (Baker et al. 2008): 
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Structural Standards  The consequences of structural failure are not 
disproportional to the effect causing the 
failure. 
Software Engineering The ability […] to react appropriately to 
abnormal circumstances (i.e. circumstances 
“outside of specifications”). A system may be 
correct without being robust (Meyer 1997).se
Product development The measure of the capacity of a production 
process to remain unaffected by small but 
deliberate variations of internal parameters so 
as to provide an indication of the reliability 
during normal use.
Ecosystems The ability of a system to maintain function 
even with changes in internal structure or 
external environment (Callaway et al. 2000). 
Control Theory The degree to which a system is insensitive to 
effects that are not considered in the design 
(Slotine & Li 1991). 
Statistics A robust statistical technique is insensitive 
against small deviations in the assumptions 
(Huber 1996). 
Design Optimization A robust solution in an optimization problem 
is one that has the best performance under its 
worst case (max-min rule) (Kouvelis & Yu 
1997). 
Bayesian Decision Making By introducing a wide class of priors and loss 
functions, the elements of subjectivity and 
sensitivity to a narrow class of choices, are 
both reduced (Insua & Ruggeri 2000). 
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Language  The robustness of language […] is a measure 
of the ability of human speakers to 
communicate despite incomplete information, 
ambiguity, and the constant element of 
surprise (Briscoe 1997). 
Although these definitions are related to a wide range of different perceptions one 
might notice that all of them indirectly refer to robustness being associated with 
an acceptable behaviour of certain performance characteristics or properties of a 
system being challenging to quantify or parameterize (Faber et al. 2006), 
especially when the system has to perform under extreme or scattered events. 
II.2.2. Structural robustness 
Robustness as such has been appreciated as a desirable property in structures and 
structural systems as a consequence of several high profile system failures (Baker 
et al. 2008). With the passing of the years a lot of different definitions for the 
term robustness have been developed. Generally, it can be stated that several 
expressions such as redundancy, vulnerability, ductility, damage tolerance, 
reliability, disproportionate and progressive collapse, among others were used by 
different authors to characterise structural collapses (Cavaco et al. 2013) and to 
define robustness.  Knoll and Vogel (2009) describe robustness as a “property of 
a system that enables them to survive unforeseen or unusual circumstances.” 
Marti (2013) defines robustness as “the ability of a structure and the structural 
members to limit deterioration or a failure that is disproportionate to its cause.” 
According to Starossek (2006), the term robustness is defined as the insensitivity 
to a local failure. Hereby, however, different structural systems possess different 
degrees of robustness which are not taken into consideration even when applying 
current design techniques using a partial factor approach. Further, Starossek 
(2006) points out that robustness is a property of the structure alone and not 
dependent on the possible causes of initial local failure. Also Agarwal et al.
(2006) points out that the term robustness has been defined in a variety of ways in 
the literature. They conclude that a system “is said to be robust if it can withstand 
an arbitrary damage, for example, the loss of a member or degradation in the 
quality of a member.” Alternatively, Wisniewski et al. (2006) consider the 
robustness of bridges as “the ability to carry loads after the failure of one of its 
members.” Some further definitions were provided by e.g. GSA (2003), 
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Vrouwenvelder (2008), Val & Val (2006), JCSS (2008), Agarwal & England 
(2008) and Bontempi et al. (2007).     
Only a few definitions for the term robustness that can be found in the literature 
are listed above. However, from the presented definitions it becomes clear that 
structural robustness is a generic term describing the property of a structure or a 
structural system to withstand extraordinary events and circumstances. In case the 
causes, exposures and damages are proportionate to their consequences or 
structural performance, the system can be considered to be robust.        
II.3. What is progressive collapse? 
A local failure of a primary structural member inducing the failure of adjoining 
elements and eventually the whole or partial collapse of a structural system is 
typically designated as progressive collapse. The final damage, however, is 
usually not proportional to the initial damage (Kim et al. 2009). The progressive 
collapse of a structure corresponds to a local damage due to occasional and 
abnormal events such as gas explosions, bombing attacks and vehicular 
collisions. This local damage triggers a subsequent chain reaction mechanism 
spreading throughout the whole structural system, which can cause a calamitous 
collapse (Li et al. 2007). According to Starossek (2007a) progressive collapse is 
characterised by a distinct disproportion between the extent of a triggering local 
event and the consequential widespread collapse of large parts of the whole 
structure. However, the term disproportionate collapse is sometimes used in a 
synonymous way. It is further stated by Starossek (2007b) that the different 
mechanisms that can produce a progressive collapse are dependent on the type 
and form of a structure including its orientation in space and the type, location 
and magnitude of the triggering event. Some more definitions for the terms 
robustness, progressive and disproportionate collapse were summarised by 
Starossek and Haberland (2010). Further, the fib bulletin 63 (2012) summarises 
the present knowledge on the subject of progressive collapse related to precast 
concrete structures and provides guidance for the design against this unfavourable 
phenomenon.     
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II.4. Robustness in the Eurocodes 
As a basic requirement, the Eurocode EN 1990 (2002) states in clause 2.1 4(P) 
that “a structure shall be designed and executed in such a way that it will not be 
damaged by events such as: 
• explosion, 
• impact, and 
• consequences of human errors, 
to an extent disproportionate to the original cause. 
Potential damage shall be avoided or limited by appropriate choice of one or 
more of the following: 
• avoiding, eliminating or reducing the hazards to which the structure can 
be subjected; 
• selecting a structural form which has low sensitivity to the hazards 
considered; 
• selecting a structural form and design that can survive adequately the 
accidental removal of an individual member or a limited part of the 
structure, or the occurrence of acceptable localised damage; 
• avoiding as far as possible structural systems that can collapse without 
warning; 
• tying the structural members together.” 
In addition, the Eurocode EN 1990 (2002) indicates that suitable combinations of 
measures can increase the structural resistance. The term robustness as such, 
however, is not explicitly defined. 
While the Eurocode EN 1990 (2002) provides basic requirements, the Eurocode 
EN 1991-1-7 (2006) indicates strategies and methods in order to obtain 
robustness through actions and design situations that need to be considered 
(izmar et al. 2011). It defines robustness as “the ability of a structure to 
withstand events like fire, explosions, impact or the consequences of human error, 
without being damaged to an extent disproportionate to the original cause”. 
Further, “a localised failure due to accidental actions may be acceptable, provided 
it will not endanger the stability of the whole structure, and that the overall load-
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bearing capacity of the structure is maintained and allows necessary emergency 
measures to be taken” (EN 1991-1-7: 2006). 
In Eurocode EN 1991-1-7 (2006) two general design situations, namely designing 
against identified and unidentified actions, are considered. As can be concluded 
from their names, these are situations where the designer knows, respectively, 
does not know about the possible hazards a particular structure might be exposed 
to (Canisius et al. 2007). Figure II.1 illustrates the two different accidental design 
situations considered in EN 1991-1-7 (2006). The strategies based on unidentified 
accidental actions are corresponding to the strategies based on limiting the extent 
of localised failure.    
Figure II.1: Strategies for accidental design situations (EN 1991-1-7: 2006) 
Related to the basic principles for damage mitigation mentioned in Eurocode EN 
1990 (2002), three strategies to limit the consequences of accidental actions are 
given: to design key load-bearing elements to sustain the effects of a nominal 
accidental action, to limit the damage caused by the notional failure of a load-
bearing element by means of alternative load paths and finally to apply 
prescriptive design and detailing rules. 
The design for accidental situations is of particular importance for situations 
where a collapse may have a large impact on human life, or may have economic, 
social or environmental consequences. As such, EN 1991-1-7 (2006) (on the basis 
of EN 1990 (2002)) distinguishes consequence classes based on which strategies 
22 Chapter II   
for accidental design situations may be chosen. This categorisation according to 
the potential consequences of an accident, provides a convenient measure to 
decide which structures are to be designed for accidental situations (Gulvanessian 
& Vrouwenvelder 2006).  
Table II.1 gives an overview of the consequence classes considered in EN 1991-
1-7 (2006) and EN 1990 (2002), Annex B.  
Table II.1: Definition of consequence classes (EN 1990: 2002, Annex B) 
Class Consequences of failure Example structures
CC 1 Low Low rise buildings, greenhouses, etc.  
CC 2 Medium Apartment buildings, office buildings, etc.
CC 3 High  High rise buildings, stadiums, etc.
For CC 1, no specific consideration or special requirement for accidental actions 
is necessary. Depending on the specific circumstances of the structure, a 
simplified analysis by static equivalent load models or prescriptive 
design/detailing rules may be applied in case of CC 2. For CC 3, a determination 
of the reliability level and/or risk analysis is appropriate. This may require refined 
methods such as the consideration of dynamic effects or non-linear analyses (EN 
1990: 2002). 
Further, in EN 1990, Annex C (2002) the reliability index 5 is related to the 
probability of failure +, according to:  
+, E ?@F5B@GGA HB    
with ? the cumulative standard normal distribution function. Table II.2 represents 
the relation between +, and 5 in line with equation II.1. 
Table II.2: Relation between +, and 5 (EN 1990: 2002, Annex C)   
IJ 10-1 10-2 10-3 10-4 10-5 10-6 10-7K 1.28 2.32 3.09 3.72 4.27 4.75 5.20 
The consequence classes as outlined above are corresponding to different 
reliability classes RC1, RC2 and RC3 determining acceptable limits for structural 
failure probabilities as a basis of design for general structures. The reliability 
Robustness 23
index 5, corresponding to the inverse standardised normal distribution of the 
probability of failure +,, is defined as 
5L M F?C
N*+,
O@GGA PB
with * the reference period in years and +,
 the probability of structural 
failure for a reference period of 1 year (Björnsson 2010). 
The minimum target reliability indices for reference periods 1 and 50 years and 
different reliability classes are provided in Table II.3.    
 Table II.3: Minimum target reliability indices for different classes (EN 1990: 2002, Annex 
B)  
Reliability class Minimum target reliability index, K
Reference period of 1 year Reference period of 50 years 
RC 1 4.2 3.3 
RC 2 4.7 3.8
RC 3 5.2 4.3
In the above table, the reliability classes RC1, RC2 and RC3 are most often 
corresponding to the consequence classes CC1, CC2 and CC3.  
II.4.1. Unidentified accidental loads 
II.4.1.1 Enhanced redundancy measures 
Specifically for consequence class 2, EN 1991-1-7 (2006) provides some 
measures in order to increase the structural robustness. A distinction between 
framed structures as well as load-bearing wall constructions is made. Further, 
consequence class 2 is split up into a lower risk group CC2a (buildings not 
exceeding 4 storeys) and an upper risk group CC2b (buildings higher than 4 and 
not exceeding 15 storeys). For framed structures in CC2a the provision of 
effective horizontal ties is recommended to be provided around the perimeter of 
each floor and roof level and internally between the columns in two perpendicular 
directions. The capacity of the ties is calculated on the basis of the self-weight, 
the load and the geometrical dimensions. For load-bearing wall constructions 
appropriate robustness is achieved by effective anchorage of suspended floors to 
walls. In the upper risk class CC2b, also vertical ties are required.  
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II.4.1.2 Key element design 
For buildings in the upper risk group CC2b, it should be ensured that upon the 
notional removal of each supporting column, each beam supporting a column, or 
any nominal section of load-bearing walls, the building remains stable. Any 
resulting damage should not exceed the limit illustrated in Figure II.2 (EN 1991-
1-7: 2006). 
In the case where the notional removal of such a column or section of walls 
would yield structural damage in excess of the limit value specified in Figure II.2, 
the respective elements should be considered as “key elements”. This key element 
is supposed to be designed to withstand a recommended accidental load of 34 
kN/m² (EN 1991-1-7: 2006).  
Key:   
a) Floor plan 
b) Vertical section 
(A) Local damage not exceeding 15 % of the floor area. Not exceeding 100 m² 
simultaneously in two adjacent floors.  
(B) Notional column removal 
Figure II.2: Recommended limit of admissible damage (EN 1991-1-7: 2006) 
II.4.1.3 Risk-based design 
For consequence class 3, EN 1991-1-7 (2006) recommends a risk analysis and 
proposes the following three assessment steps:  
• Assessment of the probability of occurrence of various hazards together 
with their intensities " (see Figure II.3 a) 
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• Assessment of the probability of various states of damage QR  and 
corresponding consequences for the considered hazards (see Figure II.3 
b)  
• Assessment of the probability of inadequate performances ST and 
associated additional consequences U@STB of the damaged structure (see 
Figure II.3 c). 
For the quantitative risk assessment, the Eurocode proposes the following 
expression in order to assess the risk R: 
V EW+@"BXYZ
 WW+NQR["O
X\
TZ

X]
R +NST/QROU@STB@GGA ^B
In this equation, it is assumed that the structure is subjected to _ different 
hazards damaging the structure in _` different ways. The performance of the 
damaged structure can be discretised into _a adverse states ST with associated 
consequences U@STB. +@"B equals the probability of occurrence of the hazard, +NQR["O is the conditional probability of the damage state of the structure given 
the hazard and +NST/QRO is the conditional probability of the adverse overall 
structural performance S given the damage state (EN 1991-1-7: 2006). 
Figure II.3: Illustration of steps in the risk analysis of structures subjected to accidental 
actions; (a) hazard, (b) damage, (c) collapse (EN 1991-1-7: 2006) 
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II.5. Methods of quantifying robustness 
Over the last decades, a significant amount of research was performed in order to 
develop methods to assess and quantify robustness. Approaches to determine 
non-dimensional robustness indices can be categorised as 
• deterministic,  
• probabilistic and 
• risk-based analyses.  
Both deterministic and probabilistic approaches are based on the analysis of the 
undamaged as well as the damaged structure. While the first mentioned type of 
indices focusses on deterministic or semi-probabilistic structural measures, e.g. 
pushover load bearing capacity, the second is based on probabilities of failure of 
the structural system. The risk-based robustness index is predicated on 
comprehensive risk analyses taking into account the consequences as direct and 
indirect risks (Faber et al. 2011). In the following, some robustness measures i.e. 
robustness indices are presented. 
II.5.1. Deterministic robustness index 
Both Sørensen (2011) and Faber et al. (2006 and 2011) highlight the so-called 
RIF-value (Residual Influence Factor) which is primarily used in offshore 
engineering as a simple and practical indicator for structural redundancy and 
robustness. First, the Reserve Strength Ratio RSR is defined by 
VSV E VS @GGA bB
     
with V the characteristic value of the base shear capacity of an offshore platform 
and S  denoting the design load associated with the ultimate limit state. In order 
to provide an indication to which extent the consequences of a full damage of a 
structural member “i” are affecting the structural capacity, the RIF-value (or 
Damaged Strength Ratio) is given by  
V# E VSV,cVSVL @GGA dB
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with VSVL the strength ratio for the intact structure and VSV,c the RSR-
value for the structure with either failed or removed member “i”. Accordingly, 
large RIF-values indicate large redundancy (or robustness) (Sørensen 2011). 
Further deterministic approaches analysing the effects of damage on structural 
systems in order to assess the structural robustness were provided by Frangopol 
and Curley (1987), Izzuddin et al. (2008) as well as Starossek and Haberland 
(2008).         
II.5.2. Probabilistic robustness index 
Several researchers investigated probabilistic or reliability-based measures for 
structural redundancy and robustness. It were Frangopol and Curley (1987) and 
Fu and Frangopol (1990) that proposed probabilistic measures in terms of a 
Redundancy Index RI indicating the level of robustness which is defined as 
V# E +,@efgeB F +,@LB+,@LB @GGA hB
where +,@efgeB and +,@LB are the failure probabilities for a damaged and 
an intact structural system, respectively. For the above equation, higher values are 
indicating lower redundancy.  
In addition, another measure which is based on the reliability index was 
considered: 
5i E 5L5L F 5efge @GGA jB
where 5L and 5efge are the reliability indices of the intact and damaged 
system, and the result depends on the type of damage considered. Similar 
equations were provided by Lind (1995 and 1996) who proposed a relationship 
between the probabilities of system failure as a function of the load and system 
resistance of the intact as well as the damaged system in order to establish a 
parameter defining the vulnerability.  
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II.5.3. Risk-based robustness index 
The most complete framework to calculate and quantify robustness is by using 
risk based approaches as they provide a comprehensive model which includes 
both the probability of structural collapse as well as the economic, political and 
societal consequences of collapse. The model can be summarised by the 
following formula (Cavaco et al. 2013) which is inherently the same as 
mentioned in equation (II.3) in case the adverse state is related to collapse: 
V EW+@U/QB k +@Q/B k +@B k Ulmn@UB@GGA oB
where V denotes the total risk of the structure. Further, +@B is the probability of 
an event susceptible to cause any kind of structural damage to occur and Ulmn@UB
is the cost resulting from the collapse. +@U/QB is the probability of collapse 
conditional on the initial damageQ. +@Q/B is the conditional probability of the 
structural damage considering it is subjected to the exposure  (Cavaco et al.
2013). 
In 2008, Baker et al. presented a definition of a robustness index which is based 
on risk measures. Within their approach the following types of consequences 
were distinguished: 
• direct consequences corresponding to local component damage 
• indirect consequence corresponding to subsequent system failure. 
The index of robustness #$was expressed by comparing the risks associated 
with direct and indirect consequences as shown in the equation below. 
#$ E V`V` p VqLe @GGA rB
where V` and VqLe are the risks associated with the direct and indirect 
consequences respectively. The index varies between zero to one, with larger 
values representing larger robustness.   
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II.6. How can membrane action increase the 
robustness of structures? 
It is commonly accepted that the provision of alternate load paths is a suitable 
method to increase the robustness of a structure (Agarwal et al. 2012) and to 
avoid or delay the progressive collapse of structural systems. Also the EN 1991-
1-7 (2006) points out that structures should have a minimum level of robustness 
either by applying prescriptive rules providing sufficient redundancy and ductility 
or by providing alternate load paths. 
Generally, alternate load paths provide an alternative to transfer loads from the 
loading location to a location of resistance. As such, alternate load paths prevent 
failures from spreading by establishing a redistribution of forces originally carried 
by failed members. This method is associated with the overall structural response 
to an initial damage and hence, the probability +@U/QB (see equation II.8), 
providing one option to increase the structural robustness. Examples for alternate 
load paths established by load-transfer mechanisms are the inversion of flexural 
load transfer (from hogging to sagging moment subsequent to support failure) or 
the transition from a flexural to a tensile load transfer such as the one provided by 
catenary or tensile membrane action (Starossek & Haberland 2010).      
II.7. Summary and conclusions 
Over the last decades, the term robustness has frequently been modified and 
discussed. It is, however, commonly accepted that structural robustness is a 
property of a structure to withstand extraordinary events and circumstances where 
the consequences of the damage are proportional to the original cause. In the EN 
1990 (2002), this proportionality of the consequence to an initial damage is 
established by the requirement to design and execute structures in such a way that 
it will not be damaged by certain exposures and hazards disproportionate to its 
original cause.  
The Eurocode offers deemed-to-satisfy provisions and indicates strategies and 
methods in order to obtain robustness. One method to increase robustness and to 
avoid progressive collapse is, for instance, the provision of alternate load paths. 
However, there is no robustness measure in terms of robustness indices reported. 
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It is rather the objective to guarantee a certain degree of sufficiency, i.e. the 
potential consequences of failure are to be limited to certain prescribed levels.   
In summary, three different approaches to provide an indication for the robustness 
of structures are available in scientific literature: deterministic, probabilistic 
(reliability-based) and risk-based considerations. Similar to the Eurocode, 
however, they do not provide any threshold value that defines a clear distinction 
between what is robust or what is not. Consequently, robustness indices are a 
suitable tool to compare structural solutions in terms of robustness. They do, 
however, not yet indicate whether a structure provides acceptable levels of 
robustness.  
Over the last decades it was shown by a multitude of scientific research programs 
as well as some real cases where the removal of a support condition or 
overloading did not necessarily lead to a collapse, that one method to establish an 
alternate load path is to allow for the development of membrane behaviour. In the 
following, the state-of-the-art of load-bearing quantification considering 
membrane action is reviewed and the favourable effect of membrane behaviour to 
the load capacity, structural reliability and robustness is studied.   
II.8. References 
Agarwal J., England J. & Blockley D. (2006) Vulnerability analysis of structures. 
Structural Engineering International 16(2): 124-128. 
Agarwal J. & England J. (2008) Recent developments in robustness and relation with risk. 
Proceedings of the ICE – Structures and Buildings 161(4): 183-188. 
Baker J.W., Schubert M. & Faber M.H. (2008) On the assessment of robustness.  
Structural Safety 30(3): 253-267. 
Björnsson I. (2010) Robust design of bridges-Robustness analysis of Sjölundaviadukt 
Bridge. Master Thesis, Lund Institute of Technology, Lund University, Sweden. 
Bontempi F., Giuliani L. & Gkoumas K. (2007) Handling the exceptions: Robustness 
assessment of a complex structural system. In: Proc. of the 3rd International 
Conference on Structural Engineering, Mechanics and Computation, SEMC 2007, 
Millpress, Rotterdam, The Netherlands, 1747 p. 
Robustness 31
Briscoe T. (1997) Robust Parsing, Survey of the State of Art in Human Language. Varile 
G.B. & Zampolli A. (eds.). Cambridge University Press, Cambridge, New York, Pisa, 
Italy, 513 p.  
Callaway D.S., Newman M.E.J., Strogatz S.H. & Watts D.J. (2000) Network Robustness 
and Fragility: Percolation on Random Graphs.  Physical Review Letters 85: 5468-
5471. 
Canisius T.D.G., Sørensen J.D. & Baker J.W. (2007) Robustness of structural systems – a 
new focus for the Joint Committee on Structural Safety (JCSS). Applications of 
Statistics and Probability in Civil Engineering. Kanda, Takada & Furuta (eds.). Taylor 
& Francis Group, London.
Cavaco E., Casas J.R. & Nevis L. (2013) Quantifying Redundancy and Robustness of 
Structures In: Proc. of the IABSE Workshop—Safety, Failures and Robustness of 
Large Structures , Helsinki, Finland.
izmar D., Kirkegaard P.H., Sørensen J.D. & Raji V. (2011) Reliability-based 
robustness analysis for a Croatian sports hall.  Engineering Structures 33(11): 3118-
3124. 
EN 1990 (2002) Eurocode: Basis of structural design. European Standard, CEN. 
EN 1991-1-7 (2006) Eurocode 1: Actions on structures: Part 1-7: Accidental actions. 
European Standard, CEN. 
Faber M.H., Maes M.A., Straub D. & Baker J. (2006) On the quantification of robustness 
of structures. In: Proc. of the 25th International Conference on Offshore Mechanics 
and Arctic Engineering, OMAE2006-92095, Hamburg, Germany. 
Faber M.H., Narasimhan H., Baker J. & Sørensen J.D.  (2011) Quantification and 
Decisions on Robustness. COST TU0601-Structural Robustness Design for Practising 
Engineerins. Canisius (editor), 53-64. 
Fib bulletin 63 (2012) Design of precast concrete structures against accidental actions. 
International Federation for Structural Concrete (fib TG 6.9), Lausanne, Switzerland. 
Frangopol D.M. & Curley J.P. (1987) Effects of damage and redundancy on structural 
reliability. ASCE Journal of Structural Engineering 113(7): 1533-1549. 
Fu G. & Frangopol D.M. (1990) Balancing weight, system reliability and redundancy in a 
multiobjective optimization framework. Structural Safety 7(2-4): 165-175. 
GSA (2003) Progressive collapse analysis and design guidelines for new federal office 
buildings and major modernization projects. General Services Administration. 
Washington, DC. 
32 Chapter II   
Gulvanessian H. & Vrouwenvelder T. (2006) Robustness and the Eurocodes. Structural 
Engineering International 16(2): 167-171. 
Huber P.J. (1996) Robust Statistical Procedures (Second Edition). In: Proc. of the 
Regional Conference Series in Applied Mathematics; 68. Society for Industrial and 
Applied Mathematics, CBMS-NSF, Philadelphia, USA, 67 p. 
Insua R.D. & Ruggeri F. (eds.) (2000) Robust Bayesian analysis, lecture notes in statistics. 
Springer, New York.  
Izzuddin B.A., Vlassis A.G., Elghazouli A.Y. & Nethercot D.A. (2008) Progressive 
collapse of multi-storey buildings due to sudden column loss—PartI: Simplified 
assessment framework. Engineering Structures 30(5): 1308-1318. 
JCSS (2008) Risk assessment in engineering. Principles, system representation and risk 
criteria. Joint Committee on Structural Safety, Zurich, Switzerland. 
Kim H.-S., Kim J. & An D.-W. (2009) Development of integrated system for progressive 
collapse analysis of building structures considering dynamic effects. Advances in 
Engineering Software 40(1): 1-8. 
Knoll F. & Vogel T. (2009) Design for Robustness. IABSE-AIPC-IVBH, Zurich. 
Kouvelis P. & Yu G. (1997) Robust Discrete Optimization and Its Applications. Non-
convex Optimization and Its Applications; V14. Kluwer Academic Publishers: 
Dorecht, Boston, 356 p.  
Li G.-Q., Guo S.-X. & Zhou H.-S. (2007) Modeling of membrane action in floor slabs 
subjected to fire. Engineering Structures 29(6): 880-887. 
Lind N.C. (1995) A measure of vulnerability and damage tolerance. Reliability 
Engineering & System Safety 48(1): 1-6. 
Lind N.C. (1996) Vulnerability of damage-accumulating systems. Reliability Engineering 
& System Safety 53(2): 217-219. 
Marti P. (2013) Theory of Structures-Fundamentals, Framed Structures, Plates and Shells. 
Ernst & Sohn, Berlin. 
Meyer B. (1997) Object-Oriented Software Construction (Second Edition). Prentice Hall 
PTR, 1254 p. 
Slotine J.J.E. & Li W. (1991) Applied Nonlinear Control. Prentice Hall: Englewood Cliffs, 
NJ, 459 p.  
Sørensen J.D. (2011) Framework for robustness assessment of timber structures.  
Engineering Structures 33(11): 3087-3092. 
Robustness 33
Starossek U. (2006) Progressive Collapse of Bridges—Aspects of Analysis and Design. In: 
Proc. of the International Symposium on Sea-Crossing Long-Span Bridges, Mokpo, 
Korea. 
Starossek U. (2007a) Progressiver Kollaps von Bauwerken, Betonkalender 2008: Part 
VIII. Ernst & Sohn, Berlin. 
Starossek U. (2007b) Typology of progressive collapse. Engineering Structures 29(9): 
2302-2307. 
Starossek U. & Haberland K. (2008) Approaches to measures of structural robustness. In: 
Proc. of the 4th International Conference on Bridge Maintenance, Safety and 
Management, IABMAS’08, Seoul, Korea. 
Starossek U. & Haberland M. (2010) Disproportionate Collapse: Terminology and 
Procedures. Journal of Performance and Constructed Facilities, ASCE, 24(6): 519-
528. 
Val D.V. & Val E.G. (2006) Robustness of frame structures. Structural Engineering 
International 16(2): 108-112. 
Vrouwenvelder T. (2008) Treatment of risk and reliability in the Eurocodes.  Proceedings 
of the ICE – Structures and Buildings 161(4): 209-214. 
Wisniewski D., Casas J.R. & Ghosn M. (2006) Load capacity evaluation of existing 
railway bridges based on robustness quantification. Structural Engineering 
International 16(2): 161-166. 
Yi W.-J., He Q.-F., Xiao Y. & Kunnath S.K. (2008) Experimental Study on Progressive 
Collapse-Resistant Behavior of Reinforced Concrete Frame Structures.  ACI 
Structural Journal 105(4): 433-439. 
34 Chapter II   
			

	
_ 
“One of the most beautifully 
gradated natural curves — called the 
catenary.”(John Ruskin) 
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III.1. Introduction 
Reinforced concrete slabs are well-known structural elements commonly used in 
different kinds of buildings. The specifics of the plastic behaviour of slabs, 
however, are not always fully exploited or properly taken into account 
notwithstanding the large number of slabs designed and built (Park & Gamble 
2000). 
As a basic objective, the design of any reinforced concrete structure most often 
aims to ensure that the loads imposed on it, can be carried safely. Therefore, 
design criteria in the ultimate limit state are based on a design value for the 
resistance, considering suitable partial factors. Additionally, serviceability 
conditions must also be taken into consideration, i.e. related to deflections and 
crack widths in case of concrete structures (Desayi & Kulkarni 1977). As such, 
the design of reinforced concrete slabs is usually based on small deformation 
theories. The risk of a structural failure, however, increases in accidental 
situations. In this case, the interaction between the different structural members 
becomes important to provide alternate load paths and neglecting this favourable 
effect would lead to a very conservative design. 
Depending on the boundary conditions, the development of in-plane membrane 
forces within a slab exposed to a transverse load, can significantly enhance its 
load-carrying capacity, yielding an ultimate load which significantly exceeds the 
load-carrying capacity based on flexural behaviour (Bailey et al. 2008).  
Section III.2 is dedicated to some general considerations of the effects of 
membrane action. For this purpose, three different types of membrane behaviour 
are distinguished. The basic correlation between compressive and tensile 
membrane action in restrained slabs is elaborated and the general principles for 
membrane action are explained.  
In sections III.3 to III.5 some selected scientific contributions and previous 
research into membrane action available in the literature are discussed. The 
literature study covers experimental and theoretical analyses in the field of 
compressive membrane action (section III.3) as well as previous experimental 
research on tensile membrane action (section III.4). Section III.5 is devoted to a 
literature review on membrane action developing in unrestrained two-way slabs.        
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Finally, a conclusion of the literature study is provided in section III.6. 
III.2. Membrane action 
III.2.1. The first attempts to analyse membrane action in restrained 
systems 
Previous experimental and theoretical research into membrane action can be 
retraced to the early 20
th
 century. Already in 1909, Turner was one of the first 
researchers who acknowledged arching effects when he stated “such a slab will at 
first act somewhat like a flat dome and slab combined” (Taylor et al. 2002). 
Further, the favourable effect was recognized in 1921 by Westergaard and Slater 
(1921) who had examined the structural behaviour of numerous full-scale tests on 
floor panels tested until collapse. Even though the influence of membrane action 
was not profoundly discussed, the report can be considered to be the first to 
introduce and trigger the idea of membrane action. It was observed that with 
increased slab deformations a redistribution of moments and stresses occurred. 
Further, the collapse load was larger than expected compared to the established 
strength of beams with comparable reinforcement ratios. At that time, however, 
Westergaard and Slater could not give a comprehensive justification of this 
unexpected higher strength. 
The first serious attempts to rationalise compressive membrane action in analyses 
were performed in the Soviet Union by Gvodzev in 1936 who published a report 
referring to the Russian code of practice for reinforced concrete taking into 
account arching effects. It may potentially be due to the new established Yield 
Line Theory developed by Johansen in 1943 in combination with the effects of 
the Second World War that the majority of research focussed on other fields of 
investigation. Arching action did not regain interest until the 1950s (Taylor et al.
2002). 
The phenomenon of membrane behaviour in reinforced concrete slabs was 
introduced on a more fundamental basis by Ockleston in 1955 (see also section 
III.3) who carried out a loading test up to the failure load on a building of the 
dental hospital in Johannesburg. It was observed that the interior floor panel 
system acting as a restrained slab was able to carry significantly more load than 
the load predicted by the Yield Line Theory. Consequently, a significant amount 
of research was executed in pursuit of this fundamental paper.  
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Subsequently, the influence on the observed in-plane membrane forces on the 
ultimate capacity became an active field of investigation (Bailey et al. 2008) and 
the research performed by Wood (1961) resulted in the first systematic analytical 
approach for membrane actions in slabs. 
III.2.2. Overview of different types of membrane action 
Basically, the phenomenon of membrane action can be categorised into three 
different types: 
• Compressive membrane action 
• Tensile membrane action 
• Tensile membrane action together with the development of a 
compressive ‘ring’ 
as illustrated in Figure III.1.  
Figure III.1: Different types of membrane action 
The most beneficial test results published previously on the topic of membrane 
action were related to the behaviour at small displacements of slabs with 
horizontal restraint along the edges. These types of concrete slabs are subjected to 
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compressive membrane action, which allows a significant enhancement of the 
load-carrying capacity. The membrane action of concrete slabs occurring at large 
displacements, which is typically called tensile membrane action, includes slabs 
with horizontal restraint and vertical support around its edges as well as slabs that 
are free to move horizontally (Bailey 2001). 
III.2.2.1 Membrane action in restrained slabs 
Consider the structural behaviour of a reinforced concrete slab under a transverse 
loading condition as illustrated in Figure II.2. Initially, the neutral axis of the 
loaded slab is approximately at mid-depth. However, as concrete is weak in 
tension, cracks occur at the tension side of the structural element even at small 
displacements. As a result, the neutral axis moves towards the compressive zone 
(Beeby & Fathibitaraf 2001) and the edges of the slab attempt to move outwards. 
In case there is sufficient lateral restraint provided to this outward movement, in-
plane compressive forces are established across the slab cross-section (Muthu et 
al. 2007). However, because the displacements are rather small in comparison to 
the depth of the slab, the working line of the compressive forces in the centre of 
the slab is located higher than the working line of the compressive forces at the 
ends. Thus, a compressive arch develops which can considerably enhance the 
load carrying capacity of the slab (Beeby & Fathibitaraf 2001) and thus the 
robustness of the structural system. This is in line with Vecchio and Tang (1990) 
who investigated membrane behaviour with respect to a horizontally restrained 
reinforced concrete slab strip under transverse loading. In their report they 
indicate that as a slab deflects under the applied load, cracks are forming on the 
tension side, resulting in an increased tensile strain of the reinforcement. The net 
tensile strain at the slab’s mid-depth yields an elongation of the slab which would 
result in an outward horizontal displacement in case of a free slab. In reality, this 
horizontal displacement is prevented by restraining structural elements and 
compressive membrane forces are generated which result in an increase in the 
flexural capacity of the slab. 
The effect of compressive membrane action is schematically represented in 
Figure III.3. 
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Figure III.2: Frame system with slab subjected to transverse load 
Figure III.3: Detail of slab; basic principle of compressive membrane action 
On the other hand, the occurrence of membrane action at very large 
displacements is called tensile membrane action. Much less fundamental research 
has been devoted to this type of actions. They occur at a stage of larger 
deformations when an advanced state of cracking and concrete damage occurs, 
finally leaving only the reinforcement to act as a tensile net (Vecchio & Tang 
1990). This is in line with Mitchell and Cook (1984) who pointed out that after an 
initial damage of a structure and associated large deflections tensile membrane 
action starts to develop. In case the longitudinal reinforcement is sufficiently 
anchored, the reinforcement can act as a tensile or hanging net and the final 
collapse will be triggered by the rupture of the reinforcement. Figure III.4 
illustrates schematically the principle of this phenomenon. Park and Gamble 
(2000) stated in their book that the load carried at large deflections in the tensile 
membrane range can exceed the initial failure load. This aspect has been 
constituted to be useful in preventing a catastrophic failure once the initial 
collapse load is reached.    
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Figure III.4: Basic principle of tensile membrane action 
Tensile membrane action is generally of minor interest in conventional structural 
design, being concerned with safeguarding against local failure under specific 
loads. However, it may be of major concern when determining the overall 
structural behaviour after a local failure, produced by factors not acceptable in 
normal design such as the removal of one or more original supports. Apart from 
the change of the span-to-depth ratio of the slab, the reinforcement is generally 
inappropriately positioned as the new structural system differs from the original 
one (Regan 1975). The loss of such a vertical support is generally associated with 
the development of large deformations and was often considered for assessing the 
robustness of reinforced concrete structures under membrane action which can 
also develop in other accidental situations such as overloading, blast or impact 
loading (Decan & Taerwe 2008). 
According to Regan (1975), the basic requirements to develop tensile membrane 
action are threefold. On the one hand, the structural member under investigation 
must be able to possess sufficient tensile strength and extensibility. On the other 
hand, either the member or the surrounding structure must be able to accomplish 
the necessary horizontal restraints. However, Guice et al. (1989) state in their 
paper that the behaviour of reinforced concrete slabs is not entirely understood, in 
particular when large deflections occur. Researchers involved in case studies of 
failures in reinforced concrete slabs noted that an improved theoretical knowledge 
is necessary to characterise the behaviour of slabs under excessive loading. 
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III.2.2.2. Basic correlation between compressive and tensile 
membrane action in restrained slabs 
Figure III.5 illustrates a typical load – deflection curve when concrete slabs are 
subjected to large deformations. 
Figure III.5: Load-deflection curve of a slab with full edge restraint according to Park 
(1964a) 
In case of a two-way rectangular slab panel with perfect edge restraints against 
lateral displacement due to the stiffness of surrounding panels, it was discovered 
that compressive membrane action is induced as a result of restraining the 
outward movement along the slab edges in the early part of the loading range. 
This may offer a much higher flexural load than the maximum load predicted by 
Johansen’s Yield Line Theory (Johansen 1943). After the outermost flexural load 
has been reached in point B, the diagram shows a rapid decrease of the supported 
load with further deflection as a result of the reduction of compressive membrane 
forces. Moreover, near point C, membrane forces being in the centre bay of the 
slab reach the stage where they change from compression to tension. The slab 
boundary restraints start to resist inward movement of the edges. Accordingly, 
cracks extend over the full thickness of the slab and the yielding of steel 
reinforcement is established due to the elongation of the slab surface. It is 
observed that beyond point C the reinforcement acts as a tensile membrane that 
enables carrying the load under increasing deflections. The carried load increases 
once more until the reinforcement finally starts to fracture at point D. Already in 
1964, Park stated that knowledge of the region CD in Figure III.5 is of 
importance since, a snap through will occur in point B unless the tensile 
membrane strength of the reinforcement is high enough to absorb the load (Park 
1964a).  
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In summary, four different phases can be distinguished: The first part of AB 
(Figure III.5) illustrates the linear elastic phase of the loading range. 
Subsequently, a non-linear phase with the development of yield lines and 
compressive membrane forces is introduced in the second part of AB. Next, a 
softening branch due to the yielding of steel and disappearing of compressive 
membrane action was observed (part BC). A hardening branch due to tensile 
membrane action of the reinforcement is displayed in part CD. 
Similar explanations for the changeover from compressive to tensile membrane 
action have been provided by Guice and Rhomberg (1989). In Figure III.6, three 
distinct phases of the load-displacement response for a uniformly loaded and 
horizontally restrained reinforced concrete slab are described.  
  
Figure III.6: Typical relationship between load and deflection for a restrained slab 
according to Guice and Rhomberg (1989) 
Initially, the applied load increases until the maximum flexural capacity under 
compressive membrane action is reached which enhances the moment capacity in 
the same way as axial loads increase the bending strength of beams (point B). 
Subsequently, the load decreases while further deflections are observable until the 
resultant compression forces at the supports become zero. This behaviour is 
referred to as transition or decay region (point C). In case of relatively thick 
slabs, this decline may mainly be attributed to concrete crushing. For thin slabs, 
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however, geometric instability appears to be a reasonable explanation and can, at 
least partly, be attributed to this phenomenon. As the deformations increase, the 
load-displacement curve approaches a tensile membrane region where the load is 
almost entirely carried by tension in the reinforcement bars until the ultimate 
strain is reached (point D) (Guice & Rhomberg 1989). 
III.2.2.3 Membrane action in unrestrained slabs 
Tests performed by Wood (1961), Sawczuk and Winnicki (1965), Taylor (1965) 
and Hayes (1968) have illustrated that tensile membrane action can also occur in 
two-way spanning floor slabs without horizontal restraint. Although perfectly 
unrestrained slabs are rare, some situations may be found where the horizontal 
restraint is small or insignificant, for instance when the corner panel of a 
continuous reinforced concrete plate is supported by columns or a flat-slab 
construction where two edges have very limited horizontal restraints (Decan & 
Taerwe 2008). 
In this case, the slab supports the load by tensile membrane action developing in 
the slab’s centre and compressive membrane action established as a ‘ring’ around 
the perimeter of the slab (Bailey 2004). A schematic representation of the 
phenomenon of tensile membrane action in combination with a compressive 
‘ring’ developing in vertically supported and horizontally unrestrained two-way 
slabs is provided in Figure III.7.   
Figure III.7: Basic principle of tensile membrane action in combination with a compressive 
ring in unrestrained two-way slabs 
Also Taylor (1965) pointed out that the enhancement of strength triggered by 
tensile membrane action is independent on surrounding structural members and 
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can develop within a simply supported slab without lateral restraints. This is in 
line with the explanations given by Bailey et al. (2008) who added, however, that 
horizontally unrestrained concrete slabs would have a lower load-carrying 
capacity compared with an equivalent restrained slab as less tensile membrane 
action is activated.     
Figure III.8 illustrates the yield lines and the effect of tensile membrane action 
developing in a horizontally unrestrained square slab under uniform loading and 
large vertical deflections as considered by Taylor (1965). With increasing 
deflections in the central span, the slab regions at the vertically supported edges 
tend to move inwards but are prevented by adjacent outer regions. As such, a 
central tensile membrane stress area is formed together with a surrounding 
compression ring. The segments of the slab are basically acting as shells with the 
lower central part along the original yield line in tension and the outer region 
being under compression. Considering the equilibrium of a segment such as 
segment A in Figure III.8, the internal moment of loads about the rotation axis are 
in equilibrium with the moment of internal forces along the yield lines. As such, 
the tensile forces in the reinforcement are being equal to the compressive forces 
in the concrete. The effect of the change in geometry as a result of advanced 
vertical deflections due to the rotation of the segments of the slab (bounded by 
established yield lines) increases the effective lever arm of the internal forces and 
consequently the load-carrying capacity provided by tensile membrane action is 
increased (Taylor 1965).     
Bailey (2001) considered a two-way spanning slab being only vertically 
supported around its edges without horizontal restraint. As shown in Figure III.9, 
a strip denoted X-X tends towards the behaviour of a one-way spanning slab. 
However, the strip Y-Y on a supported edge is neither able to deflect nor will the 
ends move. As a result, an interaction between the strips developing tensile 
stresses such as X-X and compressive stresses in strips such as Y-Y will establish 
and a tensile net in the centre of the slab and a compressive ring around the 
perimeter is formed. These stresses can be considered to be additional to the 
flexural stresses causing the load-carrying capacity of an unrestrained slab to 
include tensile membrane action in the centre and an increase in the yield moment 
at the regions where compressive stresses occur.   
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Figure III.8: Development of tensile membrane action at large deflections in unrestrained 
slabs (Taylor 1965) 
Figure III.9: In-plane membrane forces in a slab with no in-plane restraint (Bailey 2001) 
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III.3. Previous research on compressive membrane 
action  
As already mentioned above, Ockleston carried out a loading test up to the failure 
load on a 10-year-old building of the dental hospital in Johannesburg in 1955. 
The 135 mm thick, two-way floor slabs were lightly reinforced, bounded by main 
and secondary beams and had dimensions of 4.1 m x 4.9 m. He noticed that the 
interior floor panel system, which acted as a restrained slab, had a significantly 
higher load-carrying capacity than expected by the Yield Line Theory. The floor 
panels were designed for a dead load of 3.2 kN/m² and an additional load of 3.4 
kN/m². However, the collapse load that was observed exhibited 40.4 kN/m². This 
significant increase in strength was partly attributed to membrane behaviour. In a 
later paper, Ockleston (1958) tried to account for this increased loading response 
due to the development of in-plane compressive forces and showed that this 
unexpected result can be explained by an arching action (membrane action) (see 
Appendix A.1). Even though he could not predict the amount of load that was 
carried by arching action, he was the first to describe this effect: 
“As a result vertical deflection of the slabs would tend to cause outward 
horizontal displacements at the periphery of the panels. The tendency to spread 
would be prevented by the slabs which completely surrounded the loaded panels 
and formed extremely stiff diaphragms for forces in the plane of the floor. 
Consequently compressive membrane stresses would be developed and the 
carrying capacity of the slabs would […] be increased by the resulting arching 
action.” 
Ever since, the influence of membrane action on the load capacity of reinforced 
concrete slabs, has been established as an active field of research.  
At approximately the same time, Powell (1956) conducted numerous small-scale 
tests on fully restrained slabs with isotropic reinforcement and with the same 
amount of top and bottom reinforcing bars. Also extraordinary collapse loads 
were observed in this case. Depending on the reinforcement ratio the 
enhancement factors for the failure load were between 1.61 and 8.25 compared to 
predictions by the Yield Line Theory.   
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The famous work of Wood (1961) can be considered to be one of the landmark 
contributions towards membrane action developing in reinforced concrete slabs 
as it first introduced a systematic analytical approach to account for membrane 
action. He developed an analytical procedure by means of equilibrium equations 
and the collapse mechanism assuming the material behaviour to be rigid-plastic. 
As such, he could determine the load-deflection response of a fully restrained 
isotropic thin circular slab subjected to uniform loading. However, the 
assumption of rigid-plasticity resulted in an over-prediction of the carried load in 
the early loading range (see Appendix A.2).  
In addition, Wood (1961) tested a series of rectangular slabs with isotropic 
reinforcement. Although his theory is only applicable for circular plates, Wood 
showed in his tests the development of circular crack patterns along the outer 
edges. As such, Wood’s analysis also applied well to square slabs. On the basis of 
tests conducted by himself and those reported by Thomas (1939), Ockleston 
(1955 and 1958) and Powell (1956), he introduced reduction factors to be used in 
assessing the ultimate loads of restrained slabs (see Appendix A.3).   
Christiansen (1963) provided an explicit membrane force-deflection equation for 
one-way slabs with lateral restraint and uniform loading conditions. He developed 
a modified rigid-plastic approach by means of elastic in-plane end restraints and 
established expressions to estimate the magnitude of membrane forces. The slab’s 
outward movement was considered, bearing in mind the assumption that it is 
proportional to the membrane force and a function of the rigidity of adjoining 
members. A relative stiffness factor was estimated on the basis of experimental 
data. By means of the membrane force, the ultimate load capacity could then be 
calculated. In addition, four laterally restrained beams were tested and good 
agreement between theoretical and experimental results was shown (see 
Appendix A.4). Nonetheless, an extension of the theory towards two-way slabs 
was not performed in detail.   
A comparable approach was provided by Roberts in 1969 by extending Wood’s 
(1961) rigid-plastic theory in order to derive a formula describing the membrane 
force-deflection relationship. He applied the equations to a slab strip with an 
elastic restraint and a small gap at its ends (see Appendix A.5). When the terms 
for elastic deflection and end gap are excluded, the membrane force equations of 
Christiansen (1963) and Roberts (1969) show to be identical (Eyre 2007).  
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The research performed by Park in 1964 and 1965 can be considered to be one of 
the major contributions to membrane action. Subsequently, he devoted a whole 
chapter to this subject in his publication (Park & Gamble 2000). By using a rigid-
plastic strip approximation, the ultimate moment in the yield sections was 
determined by a combination of the geometric compatibility and the equilibrium 
of the rigid parts based on a yield line pattern.  
Park (1964b &1964c) extended his approach towards two-way slabs taking into 
consideration the contribution of strips in both directions (see Appendix A.6) 
under the empirical assumption that the slab reaches its ultimate load at a central 
deflection of one-half of the slab’s thickness. However, Park’s method can be 
considered to be the first attempt to use a strip approach to include compressive 
membrane action in two-way slabs.  
In a later report (Park 1965), he modified his earlier method also regarding lateral 
displacements due to a partial restraint at the edges. In addition, he proved 
experimentally that the maximum deflection at ultimate load was between 0.4 to 
0.5 of the slab depth, irrespective of the span-to-depth ratio.  
Morley (1967) extended the conventional Yield Line Theory of two-way 
reinforced concrete slabs to allow for membrane effects and moderately large 
deflections by considering the displacement rates of the rigid slab portions and 
the in-plane equilibrium along the yield lines. For a slab with an assumed yield 
line pattern, the load-deflection relationship could be calculated based on the 
principle of virtual work and a rigid-plastic theory.  A number of examples with 
different shapes of slabs and boundary conditions are considered providing good 
results for square slabs while Park’s method provided better results for 
rectangular slabs. Further, Morley’s method is restricted to isotropic slabs and 
possible lateral movements of the supports were not accounted for. 
At approximately the same time Jacobson (1967) investigated the structural 
behaviour and peak capacity of horizontally restrained slabs. The analysis was 
performed separately considering elastic, elasto-plastic and rigid-plastic material 
theories with the rigid-plastic case giving an upper bound solution. Loading tests 
on square slabs with a length of 389 mm and length-to-depth ratios between 5 and 
20 were performed. For the method of elasto-plastic material behaviour, a 
comparison with experimental results was not reported. A comparison of the test 
results and the upper bound solution provided by Jacobson (1967) is provided in 
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Appendix A.7 showing an over-prediction of the load capacity especially for low 
reinforcement ratios.   
Brotchie and Holley (1971) investigated experimentally 45 small-scale slabs with 
a length of 381 mm. All specimens were square and subjected to a uniformly 
distributed load with varying shape parameters for the span-to-depth ratio and the 
reinforcement ratio using three different boundary conditions involving either 
only lateral restraint, clamped or simply vertically supported. They concluded that 
the effect of lateral restraint could significantly increase both the loading capacity 
as well as the stiffness of the slabs. In addition, the reinforcement ratio had only a 
minor effect on the maximum restraining force. Brotchie and Holley (1971) stated 
that the tests were primarily concerned with the development of compressive 
membrane action due to edge restraint. However, at larger deformations also the 
effect of tensile membrane behaviour as a consequence of restraining the inward 
movement of the edges of the specimens was observed and is described in section 
III.4.3. As such, load-displacement curves similar to the ones presented in 
Figures. III.5 and III.6 were obtained.    
Based on the studies performed by Jacobson (1967), Brotchie and Holley (1971) 
derived an expression in order to approximate the maximum arching load of a 
square slab. Their calculation method required a predefined relationship between 
the load capacity and associated central deflection. Yet, a comparison between 
theoretical and experimental arching load, as illustrated in Appendix A.8, 
generally showed a good agreement.   
In 1988, Guice and Rhomberg reported on the testing of a series of 16 quarter-
scale one-way slab panels (see Appendix A.9) with an effective loaded area of 
610 by 610 mm that were exposed to uniform loading. Experimental data on the 
slab end actions, the load-deflection behaviour and material strains of specimens 
with partial lateral and rotational restraint were provided. The compressive 
membrane capacity was estimated by Park’s theory and further, a strain-
deformation equation initially introduced by Keenan (1969) was incorporated into 
the solution. It was concluded that the analytically predicted compressive 
membrane capacity provided an upper bound to the experimental flexural 
capacities of almost all tested slabs, in some cases considerably over-predicting 
the ultimate load (see Appendix A.10). Further, the rotational restraint at the ends 
of the slabs was found to be essential for the development of significant 
compressive membrane forces. At stages of larger deformation also the effect of 
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tensile membrane action was found to significantly increase the carried load 
above the load capacity provided by compressive membrane action. Some more 
detailed information about the test set-up and the tensile membrane behaviour can 
be found in section III.4.5.        
Vecchio and Tang (1990) investigated the influence of compressive membrane 
action on large-scale slab specimens in an attempt to support the theoretical 
analyses performed in Vecchio and Collins’ study (1990) from the same year 
which examined the 1978 collapse of the Kimberley-Clark Warehouse building in 
Niagara Falls. For this purpose, two slab specimens with the slab thickness and 
span dimensions representing a half-scale model of this warehouse floor, were 
exposed to concentrated mid-span loads as illustrated in Appendix A.11. While 
one of the slab panels was restrained against lateral expansion at the ends, the 
other one was allowed to elongate. The laterally restrained specimen developed a 
significant increase in flexural stiffness and load carrying capacity owing to the 
development of high axial compressive forces. The structural response of the slab 
specimens was modelled by use of a non-linear analysis procedure based on a 
computer code as discussed by Vecchio (1987) giving reasonably accurate 
predictions of the load-deformation response and the ultimate load.  
Arching action in fibre reinforced polymers (FRP) reinforced concrete slabs has 
been studied by Taylor and Mullin (2006) in an attempt to show that the 
beneficial influence of compressive membrane action would provide a practicable 
alternative to steel reinforcement, i.e. glass fibre reinforced polymer (GFRP) 
reinforcement and extend the existing knowledge of arching action to slabs with 
GFRP. Laterally restrained slabs, such as those in bridge deck slabs, were found 
to have an advantageous influence on the service behaviour such as the deflection 
and were experimentally studied. One–way spanning specimens with dimensions 
475 x 150 x 75 mm varying in concrete strength, reinforcement type and 
boundary conditions were subjected to point load tests. The deflection of the 
simply supported GFRP reinforced slabs was significantly larger than that of 
equivalent slabs with steel reinforcement. However, providing lateral restraint led 
to a significant reduction of the mid-span deflection and the GFRP reinforced 
concrete slabs had a better service behaviour in comparison to the equivalent steel 
reinforced concrete specimens. Furthermore, a slightly higher ultimate capacity 
could be achieved using GFRP reinforced concrete slabs compared to steel 
reinforced slabs. The ultimate strength of laterally restrained slabs was found to 
be more dependent on concrete compressive strength rather than on the type of 
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reinforcement and, thus, GFRP reinforcing bars used in laterally restrained slabs 
are a feasible alternative to conventional steel reinforcement.  
Al-Hassani et al. (2009) conducted several tests on rectangular slabs with 
dimensions of 900 x 550 x 25 mm and various boundary restraints under 
uniformly distributed loading. It was observed that for the restrained reinforced 
concrete slabs the enhancement in load above Johansen’s critical load ranges 
between 50% and 100%. These results were dependent on the number and 
positions of the restrained edges. Furthermore, it was concluded that the ultimate 
load was highest for rectangular slabs having all edges restrained against rotation 
as well as horizontal translation. It was found that when the number of restrained 
edges decreased, the ultimate load of the slab decreased as well. When all the 
edges of the slab were horizontally unrestrained and only simply supported, the 
initial collapse load was in line with the Yield Line Theory. 
In 2013, Vesali et al. highlighted the development of membrane action in 
reinforced concrete beams as one of the primary mechanisms to increase the 
collapse resistance of frames and, as such, the structural robustness under 
unforeseen loading events. Consequently, the favourable effect of compressive 
membrane action developing in reinforced concrete beam assemblages with 
longitudinal end restraints was investigated and six loading tests on 2/5
th
 scaled 
specimens with varying reinforcement ratios and stirrup configurations were 
performed under displacement control. On the one hand, it was found that neither 
longitudinal reinforcement ratio nor the stirrup configuration had a major effect 
on the development of compressive membrane action. However, the compressive 
strength of the concrete and strain penetration, on the other hand, considerably 
influenced the peak as well as the post peak response. 
III.3.1. Practical application: compressive membrane action in bridge 
decks 
The experimental and theoretical development of steel-free or corrosion-free 
concrete bridge deck slabs has comprehensively been described in the literature 
(e.g. Mufti et al. 1993, Mufti & Newhook 1998). In Mufti et al. (2002) the 
structural behaviour of fibre reinforcement deck slabs without internal tensile 
reinforcement is explained. The system derives its strength from the enhancement 
of internal arching forces which can be obtained by the provision of significant 
in-plane lateral restraint. For the cast-in-place type of system, the restraint was 
Membrane action 53
ensured, on the one hand, by making the slab composite with the surrounding 
girders (from steel or pre-stressed concrete). The inherent axial stiffness of the 
girders provides in-plain restraint as well in longitudinal direction. On the other 
hand, with regard to the transverse direction, the necessary restraint was given by 
the addition of external steel straps, which postponed the lateral displacement of 
adjacent girders. Mufti et al. (1993) investigated experimentally the so called 
ArchPanels, the pre-cast version of the steel-free deck systems. It was concluded 
that the system sustains loads several times larger than the nominal ultimate loads 
required by various design vehicles.  
The performance of reinforcement-free concrete highway bridge decks which 
were considered as constrained membranes was investigated by Bae et al. in  
2010 making use of non-linear finite element modelling in order to predict the 
ultimate capacity and failure modes. The shear forces produced by vehicle wheel 
loads were designed to be carried by compressive membrane action only, which 
was enhanced by the lateral stiffness of wide girder flanges and by tying adjacent 
girders together with steel rods that were located between the webs. A schematic 
illustration of the general concept of membrane action developing in 
reinforcement-free bridge decks lying on pre-cast girders is provided in Figure 
III.10.  
Figure III.10: General concept of membrane action in reinforcement-free bridge decks 
(Bae et al. 2010)
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Based on an experimental study, the failure mode was found to be punching 
shear. The test results were used to verify the non-linear material properties 
implemented in the finite element simulation. Subsequently, a parametric study 
was performed and it was shown that a reduction in lateral restraint caused 
flexural failure. Increasing the lateral restraint, however, had a favourable effect 
on the load carrying capacity until a limiting value was reached.  
Recently, extensive studies on the punching shear strength of concrete decks have 
been performed in the Netherlands by Amir et al. (2012a, 2012b) in an attempt to 
investigate whether a special type of bridges having been built more than 50 years 
ago still complies with the safety requirements of modern codes and the increased 
traffic flow. The analysis focussed mainly on the punching shear mode of failure 
under wheel loads considering the effect of compressive membrane action and 
transversely pre-stressed concrete decks. Experimental research on a half-scaled 
model is currently being performed in order to investigate numerous influencing 
parameters such as the geometry of the deck, transverse pre-stress level, skewness 
of the joints and the loading position and it is expected that compressive 
membrane action as well as transverse pre-stressing have a beneficial effect on 
the structural capacity and the serviceability behaviour. 
III.4. Previous experimental research on tensile 
membrane action 
In order to investigate tensile membrane action developing in reinforced concrete 
slabs, a survey of previously reported experimental data of slabs subjected to 
large deformations is provided below. Both, one-way as well as two-way slabs 
were considered having horizontal restraints in terms of fully or partly restrained 
edges against translation and/or rotation.  
III.4.1. Park (1964a, 1964b) 
Park (1964a and 1964b) reported on the testing of four uniformly loaded 
rectangular slabs tested by himself and another seven specimens tested by Powell 
(1956) having the edges restrained against lateral displacement and rotation by 
very stiff steel frames. For each slab test performed by Park, the considered 
dimensions were 1524 by 1016 mm with a thickness of 51 mm. In order to apply 
a uniformly distributed load on the specimens, the slabs were loaded by means of 
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water bags under pressure (see Appendix B.1). For the reinforcement in the 
longitudinal direction, reinforcement ratios between 0.2 and 0.23 % were 
considered at the bottom location while the reinforcement ratio at the top varied 
from 0.41 to 0.47 %. In the transverse direction the slabs were designed with 
reinforcement ratios between 0.19 and 1.21 % at the bottom, and between 0.38 
and 2.42 % at the top location. As such, the top reinforcement provided was 
approximately twice the bottom reinforcement. Further, the reinforcement in the 
top layer around the perimeter of the slabs was only long enough to ensure that 
negative bending moment yield lines would form along the support lines.  
A typical load-displacement curve together with an indication of the cracking 
behaviour in the final loading stage is illustrated in Figure III.11.   
Figure III.11: Load-deflection curve and crack pattern of slab A4 (Park 1964a) 
The overall structural response, crack patterns and load-displacement curves were 
similar for all four tested slabs exhibiting a compressive membrane region, a 
transition region and finally tensile membrane action being in line with the 
explanations given in the previous section III.2.2.2. Central deflections from 1.9 
to 3 times the slab depth were reached before the reinforcing bars began to 
fracture or the tests were stopped because of the danger of splitting the loading 
bag across wide cracks. As such, the ultimate load and central deflection were not 
reached yet. It was found that tensile membrane action has a considerable effect 
on the carried load which can actually exceed the ultimate flexural strength. 
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III.4.2. Keenan (1969) 
Keenan (1969) investigated experimentally the resistance and structural 
behaviour of nine reinforced concrete slabs with six of them being loaded under 
uniform static pressure and three specimens under dynamic loads of long 
duration. The fully restrained slab specimens were square with a clear span of 
1829 mm. The thicknesses investigated were 152 mm, 121 mm and 76 mm giving 
span-to-thickness ratios of 12, 15.2 and 24 with the reinforcement percentage 
ranging from 0 to 1.33 %. Additionally, all the slabs contained reinforcement to 
prevent failure in shear around the edges of the specimens. The static load was 
applied to the slab by pumping water under pressure into a chamber as illustrated 
in Figure III.12.  
Figure III.12: Test set-up for static loading (Keenan 1969) 
The dynamic load, on the other hand, was generated by detonating explosive 
charges inside a pressure chamber.   
Figure III.13 illustrates the static resistance of tested slabs with a thickness of 76 
mm. Load-displacement plots for slabs with thicknesses of 152 mm and 121 mm 
are provided in Appendix B.2.  
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Figure III.13: Static resistance diagrams for slabs with a thickness of 76 mm (3 inch) 
(Keenan 1969) 
All reinforcement bars were continuous over the entire slab length and the size 
and spacing were identical with two exceptions. One of the tested specimens was 
not reinforced (3S2, Figure III.13) and as such no tensile membrane action could 
develop. Another specimen (3S4, Figure III.13) had only tension reinforcement. 
Further, in case of the specimen with a thickness of 152 mm (see Appendix B.2 
(bottom)) no tensile membrane behaviour developed due to an error in the loading 
system requiring nine repeated loading cycles. As can be seen in the illustration 
above and in Appendix B.2 (top), the general load-displacement curves are 
similar for the four remaining specimens being exposed to static loading. It was 
stated by Keenan (1969) that the specimens “failed initially in a flexural mode, 
followed by total collapse at a much greater deflection.” This ultimate failure load 
was significantly increased by the effect of tensile membrane action and collapse 
was shown to be triggered by the rupture of the reinforcement in tension. Only 
one specimen, however, showed to produce an ultimate load being larger than the 
carried load under the influence of compressive membrane action. In the cases of 
dynamic loading it was concluded that longitudinal edge restraint has a 
favourable effect on square slabs which allows resisting dynamic loads 
effectively and more economically compared to unrestrained slabs.    
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III.4.3. Brotchie & Holley (1971) 
In 1971, Brotchie and Holley reported on the testing of 45 small-scale slabs. As 
already mentioned in the previous section, the test program elaborated by 
Brotchie and Holley was primarily concerned with the effect of compressive 
membrane action. However, in several cases load could be applied beyond the 
compressive membrane stage and hence experimental results were also obtained 
in the tensile membrane region.    
All 45 tested slabs were square and had outer dimensions of 381 by 381 mm. The 
considered slabs were either unreinforced or uniformly reinforced in two 
directions. One of the parameters varied in the tests was the slab thickness (19.1, 
38.1 and 76.2 mm) giving span-to-thickness ratios of 5, 10 and 20. Further, 
reinforcement ratios of 0, 0.005, 0.01, 0.02 and 0.03 were considered in addition 
to varying boundary conditions involving lateral restraint only, clamped and 
simply vertically supported. 
Figure III.14 illustrates the load-deflection relationship obtained by Brotchie and 
Holley for the testing of laterally restrained slabs with various reinforcement 
ratios.  
Figure III.14: Load-deflection relationship for restrained slabs with various reinforcement 
ratios and a span-to-depth ratio of 20 (Restraint at level of bottom steel) (Brotchie & 
Holley 1971) 
As shown in the above illustration, the load resistance capacity provided by 
tensile membrane action ascends with increasing reinforcement ratios. Generally, 
the favourable effect of tensile membrane action on the collapse load was more 
Membrane action 59
evident for larger reinforcement and span-to-depth ratios. In case of the 
unreinforced concrete slabs, no tensile membrane behaviour could develop as the 
provision of reinforcement is necessary to establish those actions.        
III.4.4. Regan (1975) 
A series of 19 catenary tests that were performed on precast floor strips is 
reported by Regan (1975). All specimens were 5.50 m long having a central joint 
between two 2.75 m spans at the location where a central support was simulated 
to fail in the course of the testing. The specimens had a thickness of 100 mm 
comprising a 50 mm thick precast panel with an equally thick structural topping. 
Two specimen types were distinguished with a width of either 350 mm or 700 
mm with varying tie arrangements. An illustration of the test set-up is provided in 
Figure III.15.   
It was observed that in all tests the specimens were exposed to an initial 
compressive membrane phase. Accordingly, the load fell to a minimum before 
rising again in a catenary phase.     
Figure III.15: Arrangement for catenary tests (left) and stages of behaviour in catenary 
tests (right) (Regan 1975) 
The majority of slabs collapsed due to the tearing out of bottom bars near the 
supports with the deflections being in the magnitude of 5 to 7 % of the doubled 
span. However, in a few cases the specimens yielded in flexure before any tearing 
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of the bottom bars was observed. In this case, the catenary was able to resist 
much higher loads and the deflected profile changed gradually from a 3-hinged 
linear shape to a general curve. Ultimate deflections of around 10 % of the 
doubled span length were observed before collapse which was caused by the 
fracture of the end ties due to the rotation of the specimen and the supports.   
III.4.5. Guice & Rhomberg (1988) 
A series of 16 quarter-scale one-way slab strips were tested in order to determine 
the effect of partial restraint conditions. The tested slab panels were only 
supported on two edges and exposed to uniform static pressure having an 
effective loaded area of 610 by 610 mm while the actual dimensions of the slabs 
were 610 by 915 mm. At the ends of the slabs 152 mm were used to clamp the 
specimens between flat plates. A schematic illustration of the reaction structure is 
shown in Figure III.16. 
Figure III.16: Quarter-section view of the reaction structure (Guice & Rhomberg 1988) 
For all tested slabs the amount of reinforcement was the same for the bottom and 
the top faces. Eight slabs were constructed with a span-to-thickness ratio of 10.4 
while the other half of the specimens had a span-to-thickness ratio of 14.8. 
Reinforcement ratios varied between 0.52, 0.74 and 1.06 % for slabs with the 
larger span-to-thickness ratio. For the remaining specimens reinforcement ratios 
between 0.58 and 1.47 % were used as illustrated in Appendix A.9.      
For almost all test specimens the recorded load-displacement curves showed 
initial compressive membrane behaviour followed by a decay region and the 
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subsequent development of tensile membrane action as illustrated in Figure 
III.17. 
Figure III.17: Load-deflection curves for slabs with a span-to thickness ratio of 10.4 and 
steel percentage of 0.74 (left); with a span-to thickness ratio of 14.8 and steel percentage of 
1.14 (right) as reported in Guice and Rhomberg (1988) 
At stages of larger deformation the effect of tensile membrane action was found 
to significantly increase the carried load above the load capacity provided 
compressive membrane action. It was concluded that adequate lateral stiffness 
has to be provided in order to allow for both, compressive and tensile membrane 
enhancements, irrespective of rotational freedoms. Generally, small rotational 
freedoms did not influence the compressive membrane capacity significantly, 
however, they enhanced the tensile membrane capacity and incipient collapse 
deflection. Furthermore, it was found that relatively thin slabs were able to carry 
a much larger percentage of the applied load by tensile membrane action. With 
respect to the resistance, the thinner slabs were found to be more appropriate to 
carry the load after the initial compressive membrane peak in case sufficient 
reinforcement ductility is provided to develop tensile membrane resistance.   
III.4.6. Yu & Tan (2013) 
In 2013, Yu and Tan investigated the structural response of six one-half scaled 
reinforced beam-column subassemblages, consisting of two single-bay beams, a 
middle joint, and two enlarged column stubs at the beam ends, under a column 
removal scenario. Figure III.18 illustrates the geometrical properties and detailing 
of the specimens. 
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Figure III.18: Detailing and boundary conditions of the specimens (only one half is 
illustrated due to the symmetry (unit: mm) as reported in Yu and Tan (2013) 
The beam sections were 150 mm wide and 250 mm deep for all specimens. 
However, the lengths of the single-bay beams varied between 1550 and 2750 mm. 
The effects of the reinforcement ratios varying between 0.49 and 1.87 % at the 
top and 0.49 and 1.24 % at the bottom location as well as the span-to-depth ratio 
at the beam sections were investigated.  
Figure III.19 shows a typical load-displacement relationship obtained from Yu 
and Tan (2013). It was found that with adequate horizontal restraint conditions, 
both compressive membrane action and tensile membrane (or catenary) action 
could be activated, considerably increasing the structural resistance beyond the 
beam flexural capacity. In particular for the top reinforcement ratio, it was noted 
that catenary action is more favourable to subassemblages with a large span-to-
depth ratio and high reinforcement ratios. Further, Yu and Tan (2013) highlight 
the development of catenary behaviour as “the last defence mechanism to prevent 
structural collapse”. In their tests it was demonstrated that the structural capacity 
under catenary action was up to 128 % greater than the initial peak load provided 
by compressive membrane action.        
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Figure III.19: Load-displacement behaviour as reported in Yu and  Tan (2013) 
III.5. Previous research in membrane action 
developing in unrestrained two-way slabs 
Membrane behaviour developing in simply supported two-way slabs was only 
found to be important at large deflections being induced after the yield line 
mechanism has developed. The tensile forces at the centre of the slab are 
balanced by compressive membrane action at the edges (see also Figure III.7) 
having a favourable effect on the yield criterion and consequently the load-
carrying capacity is enhanced. Wood (1961) was the first researcher investigating 
membrane action in circular isotropic slabs. He considered the equilibrium 
equations and the collapse mechanism similar to the case of fixed slabs in order to 
establish a load-deflection relationship. A typical load-deflection curve 
analytically derived by Wood is provided in Figure III.20 (line ABC). In addition, 
the experimental behaviour of a simply supported slab is illustrated (line OE). 
The discrepancy in the initial portions of the two curves appears to be due to 
neglecting the deflections that occur prior to Johansen’s yield load. In addition, 
the theoretical load-deflection curve increases infinitely, while in reality the 
rupture of the reinforcement will determine the maximum load-carrying capacity 
of the slab (Desayi & Kulkarni 1977).     
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Figure III.20: Typical theoretical and experimental load-deflection curves for a simply 
supported slab as reported in Desayi and Kulkarni (1977) 
Somewhat later, Taylor (1965) suggested a possible basis for design including 
membrane action. In his report he illustrated a typical load-deflection curve for an 
unrestrained square slab which was simply supported along four edges under 
uniform loading as shown below in Figure III.21.   
Figure III.21: Typical load-deflection curve for a square slab supported along four edges as 
reported in Taylor (1965)
Part OA illustrates the initial stage of loading. As no cracks have developed yet, 
the stiffness of the slab is very high. After cracking, however, the slab is less stiff 
(part AB). As the reinforcement is yielding, deflections increase rapidly with 
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increasing load (part BC). Taking observations of test slabs by Maher (1965) into 
consideration, Taylor (1965) suggested a method allowing for the increase in the 
effective depth of the reinforcement brought about by a redistribution of the 
concrete compressive zone. The method, however, only predicts the strength of 
slabs after the central tensile membrane has established. 
An upper bound solution for simply supported square slabs was presented by 
Kemp (1967) basically following the analysis proposed by Wood (1961) for 
circular isotropic slabs. Within a rigid-plastic solution, the position of the neutral 
axis along the yield lines was defined by combining geometrical considerations 
and in-plane equilibrium. Accordingly, the yield criterion was used to assess 
moments and membrane forces along the yield lines. 
Both Taylor (1965) and Kemp (1967) ignored the formation of large cracks 
across the shorter span of the slab and consequently typically overestimated its 
load-carrying capacity (Bailey 2001). On the other hand, Sawczuk and Winnicki 
(1965) proposed a method that included the formation of those large cracks. In 
1965 they presented an investigation of the load-deflection relationship for simply 
supported rectangular plates using a kinematical method to account for membrane 
action beyond the bending collapse load. On the basis of kinematically admissible 
collapse modes, dissipation functions were derived and the load-deflection 
relationship for various yield patterns was established. The theoretical results 
agreed well with experimental observations made at the testing of three simply 
supported specimens. Figure III.22 illustrates examples of the observed 
deformations, the collapse mode and the typical crack pattern.     
Figure III.22: Collapse mode and crack pattern of the slabs reported in Sawczuk and 
Winnicki (1965)
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Hayes (1968) principally followed Sawczuk and Winnicki’s (1965) method and 
considerations. However, instead of an energy, Hayes (1968) reports on an 
equilibrium approach based on the failure mode proposed by Sawczuk and 
Winnicki (1965). In addition, in-plane shear forces were presumed to occur along 
the yield lines and the in-plane equilibrium of the rigid parts between the yield 
lines was considered to determine the magnitude of axial and shear forces by 
taking moments about the in-plane plastic hinge. The mode of failure considered 
for the design methods by Hayes (1968) and Sawczuk and Winnicki (1965) is 
presented in Figure III.23 (left) showing the failure being caused by cracks 
forming across the shorter span at the intersections of the yield lines (Mode of 
failure (i)) in line with theoretical considerations made by Sawczuk and Winnicki 
(1965).    
Figure III.23: Failure modes identified by Sawczuk and Winnicki (1965), Illustration taken 
from Bailey (2001)  
Based on the theoretical derivation originally developed and described by Hayes 
(1968), Bailey (2001, 2003) and finally Bailey and Toh (2007) extended the 
model to correspond to the mode of failure (ii) as illustrated in Figure III.23 
(right) since the mode of failure (i) “contradicts a large portion of […] test 
results” (Bailey (2001)). 
On the basis of a pre-defined yield-line pattern, Bailey’s method allows the 
determination of the ultimately carried load as an enhancement above the yield-
line load considering self-equilibrated in-plane forces increasing with progressive 
deflection. An illustration of the considered in-plane forces and stress distribution 
along the yield lines is provided in Appendix B.3. 
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The design method established by Bailey provides an analytical solution for the 
prediction of the load-displacement relationship for simply supported concrete 
slabs. In order to predict the ultimate failure Bailey defines the strains 9 in the 
reinforcement mesh to be 
9 E o8^& @GGGA HB
   
where L is the length of the longer span of the slab at zero displacement and 8 is 
the maximum vertical displacement of the considered parabolic deflection curve. 
In the above equation, however, it is assumed that the strain remains uniform 
along the slab length while in reality, concentrated strain peaks are developing in 
the cracked regions of the slab. As the prediction of these strains is very complex, 
Bailey (2001) proposes a pragmatic approach where the average strain value in 
the reinforcement is limited and the maximum stress is considered to be sAd. 
Based on this assumption, the maximum allowable displacement is given by 
8E tusAd vL, ^&
o 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with  the yield stress of the reinforcement and  the elastic modulus. Further, it 
was demonstrated by Bailey (2001) that the above equation yields conservative 
results for the prediction of the maximum displacements making comparisons 
with numerous test results provided by different researchers (see Appendix B.4).  
Foster et al. (2004) conducted 15 small-scale tests on horizontally unrestrained 
slabs which were subjected to very large displacements. The investigation aimed 
at the analysis of the influence of isotropic and orthotropic reinforcement on the 
structural capacity of slabs under tensile membrane action. In order to predict the 
load-displacement response, the design method previously published by Bailey 
(2001) for isotropic and that for orthotropic reinforced concrete slabs (Bailey 
2003) has been used. 
The tests were separated in two different nominal dimensions (i.e. 1200 x 600 x 
15mm and 900 x 600 x 15mm) having an aspect ratio of 2.09 or 1.55. Each slab 
was tested in a loading rig where load was applied at 12 different loading points 
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(Appendix B.5 and B.6). In addition, the slab corners were restrained against 
vertical upward movement while being horizontally unrestrained.   
It was concluded by Foster et al. (2004) that it is necessary to include the bond 
characteristics of the reinforcement and also changes of the mode of failure for 
some of the orthotropic reinforced concrete slabs into the design procedure. 
However, the experimentally obtained small-scale test results generally provided 
very good agreement with the theoretical approach and showed to be 
conservative.  
Bailey and Toh (2007) investigated the structural behaviour of 48 horizontally 
unrestrained small-scale reinforced concrete slab tests at ambient as well as 
elevated temperatures in order to obtain a direct comparison between the modes 
of failure observed at both temperature ranges. The considered slab dimensions 
were 1200 x 1200 mm as well as 1800 x 1200 mm, with target thicknesses of 20 
mm or 36 mm. Both mild steel and stainless-steel welded smooth wire meshes 
have been used for reinforcement. Further, varying reinforcement bar diameters 
and bar spacing has been considered. Some reinforcement steel details for the 
ambient temperature tests are provided in Appendix B.7. 
An illustration of the test set-up used for the ambient temperature tests is 
provided in Figure III.24.   
Figure III.24: Details of test rig for ambient temperature tests (Bailey & Toh 2007) 
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As can be seen in the above illustration, the tested slabs sat on a steel frame being 
supported by six vertical load monitoring load cells. The uniform loading 
condition was established by slowly inflating airbags.  
In order to determine the theoretical yield line load P, Bailey and Toh (2007) 
made use of a formula established by Wood (1961):
+ E Pb;(% wt^ p H@xB F Hxy
C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in which: 
• z E {;  
•  is the aspect ratio 
• ( is the moment capacity in the longer span 
• ; is the coefficient of orthotropy 
• % is the length of the shorter span. 
A summary and comparison of the theoretical yield line load P and the actually 
measured maximum test load Ptest at ambient temperature is provided in Appendix 
B.7.
It was experimentally shown that the slabs with low reinforcement ratio failed in 
the ambient temperature tests across the shorter span (rectangular slabs) or across 
one of the spans (square slabs) by reinforcement fracture at the centre of the 
specimens. When the reinforcement ratio was increased, compressive failure of 
the concrete in the corners of the slabs was detected. As such, two modes of 
failure can be distinguished and the mode of failure and the magnitude of 
membrane action seems to be dependent on the reinforcement ratio. It was 
concluded that the test results demonstrate that membrane action established 
irrespective of the temperature condition.  
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III.6. Membrane action at elevated temperatures 
Membrane action in floor slabs at elevated temperatures has only recently been 
noticed in the course of the Cardington experiments in the 1990s (Li et al. 2007). 
Ever since, several researchers have studied the effect of membrane action at 
elevated temperatures. An illustration of the large deformations occurring during 
these fire tests is presented in Figure III.25. 
Figure III.25: Large deflections of floor slabs in the Cardington fire experiment (Li et al.
2007)
Moss et al. (2008) point out that tensile membrane action is able to considerably 
contribute to the fire resistance in those cases where very large deflections occur. 
Tensile membrane action in slabs, however, has not been fully investigated at 
elevated temperatures yet. It is sensitive with respect to the restraint of the edges, 
the arrangement of the reinforcement and also to the time of high temperatures 
exposure (Moss et al. 2008). In the case of fire, the most important objective of 
designers is to avoid a structural collapse, and consequently the large deflections 
which are necessary for the membrane actions to occur are acceptable. As such, it 
was deemed desirable to include the effect of membrane action into the fire-
resistance design of floor slabs (Li et al. 2007).  
Amongst others, analytical and experimental research has been performed by 
Wang (1997), Bailey and Moore (2000a, 2000b), Usmani et al. (2001), Usmani 
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and Cameron (2003) as well as Li et al. (2007) and this topic is still subject of 
current research. 
III.7. Summary 
Three major types of membrane action could be distinguished: 
• Compressive membrane action 
• Tensile membrane action 
• Tensile membrane action together with the development of a 
compressive ‘ring’.   
As the main objective of the present thesis was to investigate the structural 
behaviour under tensile membrane action occurring in horizontally restrained 
slabs, the current literature study focussed rather on the changeover from 
compressive to tensile membrane action (as illustrated e.g. in Park 1964a or 
Guice & Rhomberg 1989) than on the effect of compressive membrane action 
alone. As such, only the major and “landmark” contributions towards 
compressive membrane action are reported. However, it becomes clear that in 
horizontally restrained and vertically supported reinforced concrete slabs, 
compressive membrane action enhances the load capacity on top of the bending 
response already in the early loading stages due to the development of an in-plane 
compressive arch. The earliest observations towards compressive membrane or 
arching action date back until the early 20
th
 century. As such, it is already a well-
established phenomenon which was found to have (at least partly) impeded 
several structural collapses. Not only therefore, but also because the effect of 
compressive membrane action was found to be more applicable in conventional 
design at relatively small deformations which are still complying with 
serviceability criteria, this type of membrane behaviour gained much more 
interest in the research community.  
Experimental research towards compressive membrane action was performed by 
Ockleston (1955), Powell (1956), Wood (1961), Christiansen (1963), Park (1964b 
and 1965), Roberts (1969), Brotchie and Holley (1971), Guice and Rhomberg  
(1988), Vecchio and Tang (1990), Al-Hassani et al. (2009), Vesali et al. (2013) 
and others giving strong experimental evidence of the beneficial influence of 
compressive membrane action. Consequently, various methods to describe this 
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phenomenon in an analytical way have been developed including approaches 
based on rigid-plastic (e.g. Wood 1961) and elasto-plastic (e.g. Jacobsen 1967) 
material assumptions. In addition, Park (1964b and 1964c) proposed a strip 
method. Somewhat later, experimental results were used to verify numerical 
simulations (e.g. Vecchio & Tang 1990).  
Some experimental data of horizontally restrained slab tests subjected to very 
large displacements are reported in the literature (e.g. in Park 1964a and 1964b, 
Keenan 1969, Brotchie & Holley 1971, Regan 1975, Guice & Rhomberg 1988 
and Yu & Tan 2013) providing evidence of the beneficial effect of tensile 
membrane action on the structural response. Most of these tests, however, 
included only small-scale or medium-scale specimens with rather small 
thicknesses. For a considerable amount of cases it was demonstrated that the 
collapse load was significantly larger than the peak load provided by compressive 
membrane action. Apart from the horizontal boundary condition, the amount and 
ductility of the reinforcement was shown to be one of the most influential 
parameters.           
Previous experimental and theoretical investigations into horizontally 
unrestrained slabs were performed by Wood (1961), Taylor (1965), Sawczuk and 
Winnicki (1965), Kemp (1967), Hayes (1968), (Bailey 2001, 2003), Foster et al.
(2004) and Bailey and Toh (2007) showing that the occurrence of tensile 
membrane action in the centre and compressive membrane action at the edges of 
the slab is supporting the load when very large displacements occur. This 
phenomenon was found to be useful for the application to the practical design of 
structures subjected to fire and was investigated by researchers such as Wang 
(1997), Bailey and Moore (2000a, 2000b), Usmani et al. (2001), Usmani and 
Cameron (2003) as well as Li et al. (2007) and is still subject of current research. 
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PART
B 
EXPERIMENTAL  
STUDY OF MEMBRANE 
ACTION
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“The strongest arguments 
prove nothing so long as the 
conclusions are not verified by 
experience. Experimental science is 
the queen of sciences and the goal of 
all speculation.” (Roger Bacon)

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IV.1. Introduction 
In order to investigate the effect of tensile membrane action in more detail, a test 
series involving three loading tests on large-scale specimens was realised as 
described in the present chapter. The tests were conducted in real-scale on one-
way slabs, which are typical structural members in a variety of present-day 
buildings. The basic aim was to profoundly study and understand the ultimate 
robustness against collapse and load-carrying capacity of concrete slabs subjected 
to tensile membrane forces. For all tested specimens, special attention was paid to 
the development of horizontal tensile membrane forces and their influence on the 
structural response and ultimate load.  
First of all, a justification of the experimental investigation is given in section 
IV.2, explaining in detail why this particular test configuration was chosen. 
Accordingly, the test set-up as such is explained in section IV.3 giving 
information about the differences between the three test specimens. Furthermore, 
the geometry of the slabs, the different vertical and horizontal support conditions, 
the reinforcement arrangement and the respective material properties (e.g. 
concrete and reinforcing steel) are analysed and discussed and an overview of the 
loading and measurement equipment is provided.  
Section IV.4 is dedicated to the explication of the testing procedure involving a 
three-phases loading scheme that was adopted for the loading tests of the 
specimens under investigation.   
The test observations of the three executed loading tests are explained, discussed 
and compared. Amongst others, ample attention was paid to the load-
displacement behaviour, the development of tensile membrane forces, the strain 
development as well as the crack evolution of the slabs under tensile membrane 
action. While section IV.5 treats the structural behaviour of slab 1 in depth, 
section IV.6 is devoted to the testing of slab 2 allowing for comparisons and 
inferences towards the influence of reinforcement curtailment. 
Section IV.7 provides information and test results of the third tested slab 
specimen. Additionally, comparisons between the slab tests are made and 
conclusions are drawn. Finally, a general conclusion for this section is given in 
section IV.8. 
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IV.2. Justification of the experimental investigation 
When a support of a statically indeterminate concrete slab is lost due to an 
accidental event, tensile membrane forces can be activated if deflections become 
sufficiently large. This effect can considerably increase the load-carrying capacity 
compared to predictions obtained from small deformation theories neglecting 
membrane forces. Thus, these actions can prevent a progressive collapse and 
hence increase the robustness of concrete structures. As such, this beneficial 
effect is of major importance when assessing the strength reserve and robustness 
of concrete structures. Specifically in case of accidental situations the risk of a 
structural failure increases and can result in the establishment of large 
deformations. In case of restraints by adjacent structural members, these can 
activate membrane action, resulting in a significant increase in the structural load-
carrying capacity, as will be demonstrated further on in this chapter. 
Until now only a limited number of large-scale tests have been performed to 
investigate these tensile membrane phenomena in concrete slabs. Particularly the 
influence of cracking, material properties and restraining boundary conditions 
requires much more profound scientific research. Furthermore, as these large-
scale tests are very time-consuming and expensive, the necessity of suitable 
numerical modelling of these tensile membrane effects is of crucial importance. 
With respect to the latter, evaluation of numerical models for tensile membrane 
phenomena by experimental observations on real-scale tests is a necessity.  
Although real-scale tests on two-way acting concrete slabs are the objective of 
future research, priority was currently given to the investigation of tensile 
membrane action in one-way concrete slabs in order to establish a suitable 
modelling framework. Moreover, the execution of large displacement tests on 
real-scale two-way acting concrete slabs would require a much more complicated 
test set-up and make the comparison between numerical simulations and 
experimental data much more difficult.  
Hence, an experimental program has been elaborated focussing on tensile 
membrane action developing in a restrained concrete slab strip confronted with an 
accidental situation, i.e. the removal of a support.  
Such an accidental removal of a support usually occurs suddenly and may be 
associated with dynamic effects in case the support is rapidly removed, e.g. in 
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case of explosions or vehicular impact. The consideration of dynamic effects, 
however, could not be simulated within the proposed test set-up and loading 
scheme and would have claimed a completely different test approach and special 
facilities. Also in view of the development of modelling techniques and their 
comparison with test results, the realised static removal of the support appears 
more suitable rather than accounting for complex dynamic aspects during testing.  
As shown by preliminary calculations, the restraint of the outward displacement 
of the concrete slabs, which would generate compressive membrane action, has 
only insignificant influence on the ultimate tensile membrane behaviour of the 
investigated concrete slab. Hence, only the inward movement of the concrete slab 
was restrained and only the associated horizontal tensile forces were measured by 
load cells, which was the intended aim of our investigation. 
IV.3. Test set-up 
IV.3.1. Differentiation between tests 
A novel large-scale test set-up was developed allowing the experimental 
investigation of continuous, longitudinally restrained, reinforced concrete slab 
strips exposed to a simulated accidental failure of the central support and 
subsequent vertical loading until collapse.  
Such loss of a vertical support is a scenario that has often been considered when 
assessing the robustness of structures (e.g. Dat & Hai 2013, Izzuddin et al. 2008, 
Vlassis et al. 2008 and Yu & Tan 2013). In this accidental situation, reinforced 
concrete slabs usually display extraordinary large deformations. Stresses are 
redistributed and an alternate load path has to be established in order to withstand 
the load.  
In total three different tests (slab 1, 2 and 3) were performed. For all conducted 
tests the loading procedure was the same. In case of slab 1, the longitudinal 
flexural reinforcement was continuous over the entire length of the specimen.  
Hence, no reinforcement curtailing was applied.  
A second specimen (slab 2) was tested in order to investigate the influence of 
reinforcement curtailment, differing only in the reinforcement arrangement, 
considering current design codes for reinforcement detailing. In current design 
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practice the main flexural reinforcement is calculated for the slab’s critical 
sections and consequently the reinforcement is curtailed based on the envelope of 
the acting bending moments. Amongst others, these design codes specify the 
minimum amount of reinforcing steel, some detailing rules (e.g. the anchorage 
length of the reinforcement at the curtailed sections) and reinforcement 
requirements for fire design. Considering the case of a statically indeterminate 
one-way slab specimen with curtailed reinforcement as illustrated in Figure IV.1, 
it becomes clear that the bending moment at the central support will change sign 
as soon as the central support fails and the central bottom region that was 
originally designed to be in compression will change to tension which implies a 
severe alteration of the structural system. 
Figure IV.1: Conceptual impression of influence of a support failing  
Conventionally, most reinforced concrete structures have not explicitly been 
designed for this situation. As such, it was found to be of great importance to 
investigate to which extend the code provisions for reinforcement curtailment and 
reinforcement detailing in general, influence the structural response and 
contribute to robustness. A more detailed description of the reinforcement 
arrangement for slabs 1 and 2 can be found in section IV.3.4.2.   
In addition, a third slab test was performed. In case of slab 3 the longitudinal 
flexural reinforcement was curtailed similar to slab 2. In order to investigate the 
influence of the specimen’s effective depth, however, the thickness of the 
specimen was reduced from 160 mm to 140 mm. Furthermore, the general idea 
was to investigate to which extent this decrease in thickness would influence the 
deformed shape of the specimen with particular regard to the formation of plastic 
hinges and the failure mode. A more detailed description can be found in section 
IV.3.4.2. 
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IV.3.2. Geometry 
IV.3.2.1 Geometry (slabs 1 & 2) 
Figure IV.2 provides a schematic overview of the test set-up, which is symmetric 
with respect to the central support. The test set-up consists of a 160 mm thick and 
1800 mm wide reinforced concrete slab strip. The total length of the specimens 
was 14.3 m. The distance between the inner supports and the central support is 4 
m, changing to one span of 8 m between the inner supports after the controlled 
removal of the central support, which simulates an accidental action. 
IV.3.2.2. Geometry (slab 3) 
Apart from the thickness of the specimen reducing from 160 mm to 140 mm, the 
outer dimensions and the general test set-up configuration was unchanged in 
comparison with the slab 1 and slab 2 experiments. 
Figure IV.2: Test set-up configuration (dimensions in mm)  
IV.3.3. Support conditions 
IV.3.3.1. Vertical supports 
The required vertical (and horizontal) support conditions at the lateral outer edges 
were established by heavily reinforced, transverse edge beams (650 mm x 500 
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mm x 3200 mm) as shown in Figure IV.3. At these edge beams, the specimens 
were vertically supported by roller bearings on two concrete blocks at each side. 
Uplifting was prevented by a steel rod (with a nominal diameter of 14 mm) bolted 
down with a steel plate on top of the edge beam. The steel rod ran through a 
vertical hole in the edge beam to a guide rail anchored in the strong floor, hence 
allowing horizontal displacements of the end beams. A detailed schematic 
representation of the outer edge supporting conditions of the test set-up is 
provided in Figures IV.6 (a), (c) and (d).  
    
Figure IV.3: Lateral edge beam supported by concrete blocks and a steel rod to prevent 
uplifting (left), detail of guide rail with steel rod (right)  
The two inner supports consist of roller bearings placed on concrete walls (see 
Figure IV.4), and were positioned 3.15 m from the outer edges as indicated in 
Figure IV.2.  
Finally, a central support constructed by steel I-profiles separated by concrete 
spacers has been conceived to be removed at a later stage in order to simulate an 
accidental removal of this support. Figure IV.5 shows the configuration of this 
temporary central support from a front and a lateral view. The I-profile was 
positioned on two concrete spacers at the front- and backside of the specimens 
which, in turn, were positioned on an identical I-profile resting on the strong 
floor. Hence, the free space between the two profiles could be used to position 
two hydraulic jacks enabling to perform the gradual removal of the central 
support. 
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Steel rollers (with a nominal diameter of 50 mm) and steel plates (with a nominal 
thickness of 20 mm) were positioned between each support and the slab 
specimen. 
    
Figure IV.4: Inner support (left) and detailed view (right) 
    
Figure IV.5: Lateral view (left) and front view of central support (right) 
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IV.3.3.2. Horizontal supports 
Four identical concrete blocks (1300 mm x 400 mm x 1600 mm) that were 
anchored in the laboratory strong floor, were used as a horizontal restraint taking 
up horizontal reaction forces resulting from the restrained inward movement of 
the concrete slabs, thus enabling to establish a tensile membrane force . A 
detailed sketch of these anchor blocks is provided in Figure IV.6 (b).  
Figure IV.6: Horizontal and vertical support of the edge beams: (a) top view, (b) anchorage 
of the restraining concrete blocks in the laboratory strong floor (front view), (c) front view 
of anchorage block and test set-up, (d) lateral view of test set-up at edge beams 
IV.3.4. Reinforcement 
IV.3.4.1. Reinforcement arrangement of slab 1 
The longitudinal reinforcement in the top and bottom layer of the concrete slab 
cross-section corresponds to a geometric reinforcement ratio < E sAds|
representing a typical ratio for office buildings. The longitudinal flexural 
reinforcement was continuous over the entire length of the specimen and 
consisted of 16 bars with a nominal diameter of 10 mm for both the bottom and 
top reinforcement layer, with a concrete cover of 20 mm. Hence, no 
reinforcement curtailing was applied.  
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The longitudinal reinforcement bars were bent at each end in order to properly 
anchor them in the edge beams. Transverse reinforcement in the cross direction 
consisted of 8 mm diameter bars with a spacing of 300 mm, located in the bottom 
and the top layer. Further, appropriate flexural and shear reinforcement of the 
edge beams were designed in order to withstand the maximum tensile membrane 
forces corresponding to the accumulated tensile capacity of both the top and 
bottom reinforcement layer.  
Figures IV.7 and IV.8 illustrate the reinforcement detailing from a top and a side 
view, respectively. Two pictures of the reinforcement in the edge beams are given 
in Figure IV.9. 
Figure IV.7: Reinforcement detailing (top view) 
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Figure IV.8: Reinforcement detailing (side view) 
     
Figure IV.9: Reinforcement edge beam (side views) 
IV.3.4.2. Reinforcement arrangement of slabs 2 and 3 
Figures IV.10 and IV.11 illustrate the different reinforcement arrangements of 
slab1 (with continuous flexural reinforcement) and slabs 2 and 3 (with curtailed 
flexural reinforcement). Due to the symmetry of the specimens, only half the 
slabs are depicted. Furthermore, Table IV.1 summarises the amount of flexural 
reinforcement for the critical sections of the test set-up. 
For slabs 2 and 3 (Figure IV.11), curtailment of the longitudinal flexural 
reinforcement was applied according to Eurocode EN 1992-1-1 (2004) to 50 % of 
the reinforcement bars, while the other 50 % were not curtailed. Additionally, the 
provisions for curtailment of top reinforcement bars as mentioned in the national 
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Belgian annex of EN 1992-1-2 were applied, i.e. an extension of the length of the 
top bars by 0.15 times the span length in order to comply with fire safety 
requirements. An effective depth 	 E H^d}} of the reinforcement was 
considered for the slab 1 and the slab 2 experiments as well as 	 E HHd}} in 
case of slab 3. 
Figure IV.10: Continuous flexural reinforcement of slab 1 (dimensions in mm)  
Figure IV.11: Curtailed flexural reinforcement of slabs 2 and 3 (dimensions in mm; only 
the curtailed reinforcement, which equals 50 % of the total cross section, is shown) 
Table IV.1: Amount of flexural reinforcement at critical sections 
Reinforcement 
at inner supports at load application points at central support/mid-span 
top bottom top bottom top bottom 
Slab 1 Hh~Hsm Hh~Hsm Hh~Hsm Hh~Hsm Hh~Hsm Hh~Hsm
Slabs 
2 + 3
Hh~Hsm o~Hsm o~Hsm Hh~Hsm Hh~Hsm o~Hsm
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IV.3.5. Materials 
IV.3.5.1. Concrete 
Concrete according to a concrete class C 30/37 with a maximum size of the 
coarse aggregates of 14 mm and the same mix design for all three tested slabs 
was ordered at a local ready-mixed concrete plant. The concrete composition is 
given in Table IV.2. Slump flow tests showed a consistency class F5 according to 
EN 206-1 for the concrete used for slab 1 while in the cases of slabs 2 and 3 a 
deviating consistency class F4 was determined. Additionally, mechanical 
concrete properties were assessed at the date of testing, i.e. at 28 days. For each 
large-scale test, three test cubes (150 mm x 150 mm x 150 mm) and three 
cylinders (diameter 150 mm, height 300 mm) stored at ambient temperature 
nearby the specimen, were subjected to load-controlled compression tests. The 
sample statistics of the test results are summarised in Table IV.3.  
Table IV.2: Concrete mix design 
Material Composition
crushed limestone 6.3/14 849 kg/m³ 
crushed limestone 2/6.3 150 kg/m³ 
sea sand 0/2 483 kg/m³ 
limestone sand 0/4 366 kg/m³ 
cement CEM III/A 42.5 LA 275 kg/m³ 
fly ash 25 kg/m³ 
superplasticizer 0.84 % / cement 
water 174 kg/m³ 
Table IV.3: Sample characteristics of material properties for concrete 
Concrete 
Slab 1 Slab 2 Slab 3 
        
[MPa] [MPa] [GPa] [MPa] [MPa] [GPa] [MPa] [MPa] [GPa] 
mean 
value 
44.7 36.2 32.0 38.5 35.0 31.7 42.6 36.7 31.9 
standard 
deviation
2.3 0.9 0.2 0.7 0.7 1.8 2.1 1.4 1.6 
COV 0.05 0.02 0.01 0.02 0.02 0.05 0.05 0.04 0.05 
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For the concrete used for slab 1 an average compressive strength of  EbbAj(+ was found for the cube specimens and  E ^hAHd(+ for the 
cylinder specimens, respectively. At the day of testing, the modus of elasticity   was measured to be around 32 GPa. Compression tests on concrete cubes and 
cylinders in case of slabs 2 and 3 showed similar results. An average compressive 
strength of  E ^oAd(+,  E ^dAs(+ and an average modulus of 
elasticity   E ^HAj+ was measured in case of slab 2. The concrete used for 
the casting of the third test specimen developed a compressive strength of  E bPAh(+ and  E ^hAj(+. The modulus of elasticity  was 
determined to be 31.85 GPa. As such, the global mean compressive strength of all 
three concrete batches (slabs 1, 2 and 3) was found to be   E bHAr(+ for 
the cube specimens and  E ^dAr(+ for the cylinder specimens, respectively. 
The mean value of the modus of elasticity   was about 31.8 GPa. In addition, 
the standard deviations as well as the coefficients of variation COV are indicated 
in Table IV.3.   
IV.3.5.2. Reinforcement 
The main longitudinal flexural reinforcement bars were of the same batch for all 
three tested specimens. As explained in section IV.3.4.1., the reinforcing bars for 
slab 1 were continuous over the entire length (14.3 m) of the specimen and bent at 
each end. As reinforcement bars are conventionally only offered until a length of 
14 m, the laboratory was provided with a batch of 16 m reinforcement bars which 
were cut and bent for each specimen by an external partner. 
     
The reinforcement bars were of the steel quality S500 (with specified 
characteristic yield stress T E dss(+). In total, 5 tensile tests on the 
reinforcement bars were performed in order to characterise the actual stress-strain 
behaviour. The actual measured yield strength results were 
 E d^H(+,  E dhh(+,  E dbr(+,  E dhH(+ and  E dhr(+
respectively, providing an average yield strength  E ddd(+. As such, the 
ratio between  and T equals 1.11. The actual measured ultimate tensile 
strength results were 
 E doh(+,  E hsr(+,  E drr(+,  EhHr(+ and  E hHb(+ respectively, providing an average tensile strength  E hsd(+. The average strain of the reinforcement at yield load was 
determined to be 9 E sAPhr| along with the average strain of the 
reinforcement at maximum load 9 E oA^H^|. The average modulus of 
elasticity of the reinforcing steel was measured to be  E PsjAr+.  
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Figure IV.12 shows the stress-strain curves of the test specimens. The sample 
statistics of the test results are given in Table IV.4.  
     
Figure IV.12: Experimental stress-strain curves of 5 reinforcing bars used in the slab strip 
Table IV.4: Sample characteristics of material properties for reinforcement bars ~Hs}}
J J   
[MPa] [MPa] [%] [%] [GPa] 
mean value 555 605 0.269 8.313 207.9 
standard deviation 15.53 13.20 0.024 1.161 16.780 
COV 0.028 0.022 0.089 0.140 0.081 
The theoretical ultimate tensile capacity of one reinforcement layer  is 
given by 
 E   >                                         (IV.1)  
             
with * the number of bars per reinforcement layer and  the cross-sectional 
area of each reinforcing bar.  
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Considering an ultimate tensile capacity  E hsd_}}, the theoretical 
ultimate tensile capacity c  yields 760 kN in case of the slabs under 
investigation. 
IV.3.6. Loading and measurement equipment 
The load was applied by means of two hydraulic jacks with a capacity of 500 kN 
each, pushing on mortar embedded HEM 240 steel profiles over the entire width 
of the specimens as illustrated in Figures IV.13 to IV.15 (left) in order to convert 
the jacks’ point load into a uniform transverse line load.  
The vertical reaction force of the jacks was transmitted to an adjustable reaction 
frame that was anchored in the laboratory floor.  Figures IV.13 and IV.14 show 
the test set-up with the loading equipment in a three-dimensional and a side view. 
The loads were measured by pressure sensors and the jacks were connected to a 
servo-controlled hydraulic unit. At stages of higher deformation, steel wedges 
with an inclination of 3° and 9° were required to compensate the rotations of the 
load transferring steel beams as the jacks could only withstand a rotation angle of 
4.5° at their contact point.  
Figure IV.13: Test set-up with loading devices (3D view, dimensions in mm) 
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Figure IV.14: Test set-up with loading devices (side view) 
At the central support, another set of two jacks with a capacity of 200 kN each, 
was positioned between the two I-profiles in order to slightly lift up the slab and 
enable the controlled removal of the central support (see also Figure IV.5 (left)). 
For slab 1, the gap between the edge beams and the concrete anchorage blocks 
was used to fix 2 load cells with a capacity of 750 kN each, on one side of the 
slab. At the other side, 2 aluminium cylinders with the same deformation 
characteristics as the load cells were placed in between the anchorage blocks and 
the edge beam. Eventually, the aluminium cylinders were replaced by 2 
additional load cells for slab 2 and slab 3 in order to be able to measure horizontal 
forces at both edges. The small remaining spacing was filled up with steel plates 
at each contact point. Thus, the slab was allowed to elongate horizontally, but 
inward movements were restrained. The measured horizontal compression forces 
in the load-cells allowed monitoring of the tensile membrane forces. An 
illustration of one of these load-cells being located between an anchor block and 
the respective edge beam of the specimen is illustrated in Figure IV.15 (right).  
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Figure IV.15: Jack pushing on a mortar embedded spreader HEM 240 profile (left), load-
cell used to measure horizontal reaction forces, located between the anchor block (left) and 
the edge beam (right) 
Several displacement transducers (LVDTs), dial gauges and potentiometers were 
positioned at various points in order to record vertical and horizontal 
displacements at several locations along the slab length. The measurement 
equipment was fixed to adjustable stands that were attached to a stiff aluminium 
frame. 
Figure IV.16 illustrates schematically the location of the electronic displacement 
measuring devices, i.e. LVDTs and potentiometers. In total three potentiometers 
were placed in the centreline of the specimens — one under each loading point 
and one at mid-span — recording vertical displacements. Potentiometers have the 
disadvantage of being relatively inexact at small displacements. However, they 
perform well at large displacements since potentiometers are relatively insensitive 
against malfunctions and do not need to be readjusted (long stroke). LVDTs were 
used to measure both horizontal displacements at the edge beams (LVDT 1-4) 
and vertical displacements at the location of the line loads (LVDT 7, 8, 11, 12), at 
mid-span (LVDT 9, 10), at the side-spans (LVDT 6, 13) and at the edge beams 
(LVDT 5, 14). Furthermore, the illustration below indicates as well whether the 
measuring device was placed on the top or on the bottom side of the slab.  
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Figure IV.16: Schematic illustration of measurement locations: electronic measurement 
devices to determine displacements 
The locations along the slab length where dial gauges have been positioned are 
illustrated in Figure IV.17. Again, horizontal and vertical displacement 
measurements were taken at various spots. In contrast to the electronic 
displacement measurements, the inner supports were also equipped with gauges. 
Figure IV.17: Schematic illustration of measurement locations: Manual measurement 
devices to determine displacements (dial gauges) 
In addition, demountable mechanical strain gauges (DEMECs) and electronic 
deformation gauges were used to measure strains at mid-span (central support), 
under the loads as well as over the inner supports.  
Figures IV.18 and IV.19 illustrate schematically the location of one electronic 
and manual strain measuring unit at the supports (side view). 
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Figure IV.18: Electronic deformation gauges (stirrups) 
Figure IV.19: Demountable mechanical strain gauges (DEMEC) 
Besides, the rotation angles were measured by use of displacement transducers 
(LVDTs) having a distance between their measuring points of 300 mm at both 
inner supports as illustrated schematically in Figure IV.20 (only in the cases of 
the second and third slab test). From the measured displacements and the distance 
between the LVDTs a simplified determination of the rotation angles could be 
established. 
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Figure IV.20: Detail for measurement of rotation angles at inner supports 
IV.4. Test procedure  
A test procedure incorporating a phased load history was developed to account 
for different loading conditions and structural aspects that were intended to be 
investigated. As such, the loading procedure was split up into three different 
consecutive phases with phase 1 being dedicated to a simulation of prior usage of 
the structure up to an arbitrary preloading level. The second part (phase 2) of the 
loading scheme was established in order to focus on the structural response under 
an accidental effect in particular, i.e. a support removal scenario and the 
specimens’ ability to sustain the gravity load by developing an alternate load path 
to the remaining supports. Phase 3 comprised a renewed load application by the 
jacks until structural failure. Within this stage, primarily the effect of tensile 
membrane behaviour on the structural resistance and robustness was investigated. 
In the following, some more detailed information with regard to the difference 
between the three loading phases is provided.      
IV.4.1. Phase 1 
During the first phase, the load was gradually increased up to an arbitrary 
preloading level. In the cases of slab 1 and slab 2, this load was determined to be 
60 kN per jack taking a yield criterion = E ^ss(+ (sAhTB with T the 
specified characteristic yield stress, hence corresponding to the service load.  For 
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the slab 3 experiment, a maximum load of 30 kN per jack was applied (= EPHd(+). Subsequently, the slab was unloaded. Within this first phase the 
central support was still being in place.  
Figure IV.21 shows the theoretical moment line under the preloading condition 
for slab 1 and slab 2. The load FPhase1 = 60 kN as well as the self-weight q = 7.20 
kN/m have been considered. As can be seen in the illustration below, the 
maximum value is established at the location of the central support giving a 
negative moment of -47.44 kNm as opposed to the hogging moment over the 
inner supports (-23.92 kNm) and the sagging moment in the two inner spans 
(38.72 kNm). Already from this illustration it becomes obvious that under 
conventional service load or design considerations, the application of curtailed 
flexural reinforcement is appropriate. 
Figure IV.21: Bending moment line of slabs 1 and 2, Phase 1 
For slab 3, the general shape of the moment line is similar to the one illustrated 
above. However, the hogging moments show maximum values of -27.36 kNm 
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and -15.49 kNm for the location of the central support and the inner supports, 
respectively, while the sagging moment is 21.18 kNm.   
IV.4.2. Phase 2 
Initially, the hydraulic jacks below the central support slightly lifted the slabs in 
order to allow the removal of the concrete spacers. Next, the vertical reaction 
forces at the central support were taken over by these jacks.  
Consequently, the pressure of the jacks was continuously reduced and the slab 
strip was allowed to bend progressively up to the disconnection of the central 
support and the specimen. In this way, the gradual failure of the central support 
was simulated. Once the reaction force at the central span was removed, the two 
inner spans of 4 m each changed into one single span of 8 m.  
This controlled removal of the central support induced a theoretical moment line 
as shown in Figure IV.22. Since the initial load was already removed in phase 1, 
only the specimen’s self-weight is considered. The section over the inner support 
shows hogging moments with a magnitude of -32.26 kNm (-28.30 kNm for slab 
3). The sagging moment in the central span is 25.34 kNm (22.10 kNm for slab 3).    
3.15 m 3.15 m4.00 m 4.00 m
q = self weight 
-32.26 kNm
25.34 kNm
-32.26 kNm
Figure IV.22: Moment line of slabs 1 and 2 after the controlled removal of the central 
support 
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The influence of the removal of this central support is considerable for the 
structural system. The negative moment at the inner supports is more than three 
times the hogging moment for the same situation with central support (-9.40 kNm 
due to self-weight). Note that the moment in mid-span changes sign (from a 
negative hogging to a positive sagging moment). Further, the phase 1 loads have 
been removed prior to phase 2. Although a support removal of the loaded 
specimen would possibly have posed a more realistic simulation of an accidental 
effect, it was found irresponsible to investigate such a scenario in terms of safety 
of the technicians and scientists involved taking also into account the uncertainty 
related to the ultimate failure load at the moment of testing and the fact that the 
support had to be removed manually. 
IV.4.3. Phase 3 
Finally, a third phase comprised the displacement-controlled application of two 
line loads by means of the hydraulic jacks (similar as in phase 1) until collapse of 
the specimens. As the central support was removed in phase 2, the test set-up 
configuration corresponds to a four point bending test. Figure IV.23 illustrates the 
removal of the central support and the subsequent loading schematically. The 
load cells which were used to measure the horizontal forces are not shown in this 
illustration. A detailed schematization of the horizontal restraining system is 
provided in Figure IV.6. 
Figure IV.23: Schematic representation of the test set-up before (top) and after (bottom) 
the removal of the central support (dimensions in mm) 
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Manual measurements were executed until a displacement of around 200 mm 
under the line loads, while electronic measurements were feasible until much 
higher displacements. As such, electronic deflection measurements in the central 
span and under the line loads could be taken until the collapse of the specimens. 
  
As the stroke of the jacks was limited to 250 mm, the jacks had to be readjusted 
twice while the loads were taken over by an auxiliary reaction system. This was 
achieved by temporarily fixing both ends of the transverse spreader beams under 
the jacks to the reaction frames (Figure IV.24). In this way, the jacks could be 
unloaded and readjusted, thus allowing to restart the load application without 
significantly influencing the slab’s state of deformation.  
Figure IV.24: Clamping of the specimen when taking over the load from the hydraulic 
jacks in phase 3 
In order to realize the load transfer from the jacks to the reaction frames,  a  steel 
ball was positioned between the upper flange of the spreader I-profile and  a  35 
mm thick steel plate positioned below two U-profiles reacting against dowels  
inserted into the adjustable reaction frame. In this way, the slab was restricted in 
moving upwards and the deformation of the slab could be held at approximately 
the same value while removing the load in the jacks and adjusting their position.  
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IV.5. Test observations slab 1 
IV.5.1. Load-displacement response slab 1 
IV.5.1.1. Phase 1 
Deflections of the specimen obtained in phase 1 are shown in Figure IV.25. The 
measured deflections are connected by straight lines.  
Measurements have been taken at the end supports (edge beams), the inner 
supports, under the loading lines, between the loading lines and the supports as 
well as at mid-span (central support) of the specimen. The latter has only shown 
displacements lower than 0.5 mm due to settlement when the load of 60 kN was 
reached. Under the line loads, the slab strip gradually deflected until a maximum 
displacement of around 3.2 mm. The area between the inner supports and the end 
supports experienced an upward movement of less than 1 mm. When the load was 
reduced, a maximum deflection of 2.6 mm at 30 kN and a residual deflection of 
1.4 mm after removal of the load were observed. Measurements of the horizontal 
displacements during this phase showed that the edge beams moved slightly 
outwards (less than 0.5 mm). 
Figure IV.25: Deflection of the specimen, Phase 1 
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IV.5.1.2. Phase 2 
One of the main purposes of the investigation was to observe the load-
deformation response under the removal of the central support. Figure IV.26 
illustrates the evolution of the jack forces under the central support. 
Figure IV.26: Jack force versus displacement at the central support during Phase 2 
An initial upward displacement due to the lifting of the central support was 
observed. The forces in the jacks amounted to 42 kN when the concrete spacers 
were removed. Thereafter, the displacement of the jacks’ piston was reduced to 
the starting position of this loading phase and a reaction force of 38 kN was 
observed. The gradual reduction of the reaction force results in a redistribution of 
internal forces in order to resist the gravity load. Under this simulated accidental 
situation a gradual transition of the two 4 m long spans into one 8 m long span 
took place and an alternate load path towards the remaining inner supports was 
established.  
The removal of the middle support induced a deflection of approximately 13 mm.  
Figure IV.27 provides information about the deflections of the specimen during 
this loading phase.  
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Figure IV.27: Deflection of the specimen during Phase 2 
Under the line loads, displacements of around 8 mm were measured when the 
central support was removed. The slab part between the edge beams and the inner 
supports showed an upward movement. In this phase, the specimen still extended 
horizontally, i.e. yielding an outward displacement of the edge beams. 
IV.5.1.3. Phase 3 
Linear behaviour 
Figure IV.28 shows the load-displacement response of the specimen in the central 
span. Initially, the central displacement of the slab strip was found to increase 
almost linearly with the applied load. With increasing crack formation over the 
inner supports, however, a non-linear load-displacement behaviour developed.   
Non-linear behaviour 
Subsequently, the reinforcement bars started to yield at the inner supports (as the 
hogging moments were larger than the sagging moment in the central span). 
Thus, a yielding plateau was observed in the load-deflection diagram, 
accompanied by the rotation of the plastic hinges at the supports. A minor 
increase in the slope of the load-displacement graph in the region between 
deflections of 150 mm and 300 mm may be attributed to the strain-hardening 
behaviour of the reinforcement. 
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Figure IV.28: Load-deflection curve in central span during Phase 3 
Horizontal displacements 
The slab strip initially elongated under the increasing load and outward horizontal 
displacements of the end beams were observed. With increasing vertical 
deflections and yielding of the longitudinal reinforcement, however, the edge 
beams started an inward movement. Figure IV.29 shows the horizontal 
displacement of the edge beams. 
Figure IV.29: Horizontal displacement of edge beams during Phase 3 
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The maximum outward extension was observed when the deflection in the central 
span amounted approximately to one time the slabs thickness (i.e. 160 mm). At a 
central deflection of approximately 260 mm, the edge beams had returned to their 
original position and the contact between the edge beams and the load cells was 
established again. With further load application, the edge beams tended to move 
inward but the horizontal restraint provided by the anchorage blocks forced the 
specimen to develop tensile membrane forces which resulted in an increase of the 
load in the load-displacement curve beyond the yield plateau. Outward 
movements of the specimen were measured to be less than 4 mm in total. On the 
other hand, a total inward movement of less than 10 mm occurred due to the 
compression of the load cell-steel plate connection between the edge beams and 
the restraining concrete blocks as well as the settlement of the anchor blocks in 
horizontal direction. 
Load increase due to tensile membrane forces 
After the aforementioned plastic hinges had developed and the contact to between 
the edge beams and restraining system was established again, the specimen 
entered the tensile membrane stage. With increasing deflections, the reinforcing 
bars in the original compression zones were gradually subjected to tension, while 
the original tensile reinforcing bars continued to remain in tension. As a result of 
tensile membrane action the load displacement curve increased significantly until 
a load of 160 kN per jack and a deflection of 440 mm (see Figures IV.28 and 30). 
At this stage, the deflection under the load amounted already to more than twice 
the thickness of the specimen. The top reinforcement bars over the left support 
started to rupture consecutively (see Figures IV.28 and 30) until only the bottom 
longitudinal reinforcement of the specimen — originally in compression — 
established tensile membrane forces at this support. Hence, the load suddenly 
decreased. After a short increase in the load carrying capacity, the load-
displacement curve declined again due to the rupture of the top reinforcement at 
the right support at a deflection in the central span of 550 mm and a load of 171 
kN. From this point on, only the bottom reinforcement was capable of carrying 
the load until the whole slab collapsed because of the rupture of the bottom 
longitudinal reinforcement over the last mentioned support. The ultimate load 
amounted to 180 kN and a deflection of 645 mm was observed in the central 
span.  
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The main purpose of the investigation was to observe the load-displacement 
response with respect to the formation of tensile membrane forces along with the 
occurring deformations, internal stresses and strains. Figure IV.30 gives an 
overview of the development of the horizontal tensile forces (right axis) measured 
by the load cells compared to the load-displacement behaviour (left axis). Until a 
deflection of 260 mm in the central span (i.e. as the slab established only outward 
movements) the horizontal force equals 0 kN. However, it can be observed that 
the sudden increase of the load-displacement curve beyond the yielding plateau is 
in line with an increase of the established tensile membrane forces due to the 
restrained inward displacement of the edge beams. When the rupture of the top 
reinforcement over the left support occurred, the total membrane force amounted 
to 780 kN, which is approximately the tensile capacity of one longitudinal 
reinforcement layer (see section IV.3.5.2.). 
Figure IV.30: Vertical load and catenary action in function of deflections (Phase 3) 
Figure IV.31 illustrates the deflections of the specimen during the third phase. 
The slab strip gradually deflected under the applied load. The slab parts between 
the edge beams and the inner supports showed to move upward until plastic 
hinges developed over the inner supports. The formation of plastic hinges under 
the line loads did not develop entirely. Displacements of approximately 520 mm 
at a load of 180 kN were measured at the location of the loads shortly before 
collapse of the specimen. 
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Figure IV.31: Deflections of the test slab during Phase 3 
Finally, Figures IV.32a and IV.32b show the bending behaviour and deformation 
of the slab specimen instants before collapse. 
Figure IV.32a: Slab at a central deflection of 640 mm (side view) 
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Figure IV.32b: Slab at a central deflection of 640 mm (lateral view) 
IV.5.2. Strain development slab 1 
IV.5.2.1. Strain development at the central support/mid-span 
With respect to phase 1, the development of strains at the top and bottom fibres of 
the mid-span section of slab 1 is given in Figure IV.33 (digital measurements) 
and the strain distribution over the slab depth in Figure IV.34 (mechanical 
measurements). 
Figure IV.33: Strain development measured by electronic deformation gauges (Figure 
IV.18) at the central support, Phase 1 
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Figure IV.34: Strain development measured by DEMECs (Figure IV.19) at the central 
support, Phase 1 
During phase 1, the slab’s top face in the mid-span section was stretched due to 
the hogging moment over the central support (Figure IV.33). Accordingly, the 
bottom face was subjected to compression. In Figure IV.34 it can be noticed that 
strains gradually increased until the preloading level (60 kN) was reached. At this 
load, strains of 550 x 10
-6
 (tension) were observed, whereas the bottom face of 
slab 1 developed a maximum strain of -70 x 10
-6
 (compression). 
Figures IV.35 and IV.36 illustrate the strain development during phase 2 
(removal of the central support). 
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Figure IV.35: Strain development measured by electronic deformation gauges (Figure 
IV.18) at the central support, Phase 2 
When the specimen was lifted up in the mid-span section in order to remove the 
central support, a maximum jack force of 42 kN was observed in mid-span. 
Tensile strains developed at the top, compressive strains at the bottom side of the 
slab (see Figure IV.35). However, when the reaction force was gradually reduced, 
the strains at the top fibre switched to shortenings, whereas tensile strains on the 
bottom side occurred. 
Figure IV.36 shows the strains at different depths and load steps. After the 
removal of the central support, strains equal to -92 x 10
-6
 at the top fibre and 270 
x 10
-6
 at the bottom fibre were measured at the location of the reinforcement. 
Taking the stress-strain diagram as described in Figure IV.12 and the yield strain 9 = 0.269% = 2690 x 10-6 of the reinforcement bars as described in Table IV.4 
into consideration, it becomes obvious that the strain in the bottom reinforcement 
after the controlled removal of the central support is still to be located in the 
elastic material range. An illustration of the changeover from elastic to plastic 
material behaviour of the stress-strain relationship of the reinforcement is 
illustrated in Figure IV.37 considering average values obtained from tensile tests 
performed on reference reinforcement bars as described in section IV.3.5.2.The 
experimentally observed reinforcement strain in the bottom layer at the mid-span 
section is indicated by a cross.  
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Figure IV.36: Strain development measured by DEMECs (Figure IV.19) at the central 
support, Phase 2 
Figure IV.37: Stress-strain relationship of the reinforcement; changeover from elastic to 
plastic material behaviour  
Figures IV.38 and IV.39 illustrate the strain behaviour during the third phase. 
Digital measurements were feasible until the collapse of the specimen. However, 
mechanical strain measurements could be taken only until a deflection of around 
200 mm under the line loads. 
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Figure IV.38: Strain development (mean value) strain gauges, mid-span, Phase 3 
Figure IV.39: Strain development (mean value) DEMECs, mid-span, Phase 3 
Initially, the strain behaviour was observed to be linear (see Figure IV.38). With 
further load application, however, yielding of the top reinforcement bars and 
subsequent development of plastic hinges occurred over the inner supports. Due 
to this behaviour, the outer edges of the slab strip tended to move inwards and the 
contact between the specimen and the restraining concrete blocks was established 
at a vertical load of around 62 kN. As a result of tensile membrane behaviour the 
load-displacement curve increased significantly (Figure IV.28) and a tensile 
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membrane stage was introduced. Tensile strains at the bottom side of the 
specimen remained at approximately the same level, whereas compressive strains 
at the top face of the specimen decreased. However, this tendency stopped at the 
rupture of the reinforcement as indicated in Figure IV.38. At a load of 75 kN 
(Figure IV.39), a strain of 12.5 x 10
-3
 was measured at the bottom side, whereas 
the top face developed a tensile strain of 73 x 10
-6
 at the measuring location. 
Figure IV.40 illustrates the stress-strain relationship of the reinforcement bars 
schematically. At a load of 75 kN in phase 3 the bottom reinforcement was 
exposed to yielding and the strain can be located in the horizontal yield plateau 
(plastic material behaviour).   
Figure IV.40: Tensile strain of reinforcement at different phases and load stages 
Note that the average ultimate strain capacity 9 of the reinforcement was 
determined to be around 83130 x 10
-6
 (see Table IV.4). Further, it should be 
noted that the strain measuring devices being used for the experiments determine 
the strain on the basis of its own length % E Pss}}. Therefore, strain peaks 
such as the one developing in larger cracks could not be detected. 
IV.5.2.2. Strain development at the inner supports 
The rupture of the reinforcement bars over the inner supports has shown that 
these sections were of particular importance with respect to the collapse 
resistance of the specimen. Once the top reinforcement was broken, the bottom 
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reinforcement had to take over the tensile forces (involving the formation of very 
large crack openings and strains). Hence, the description of the strain and 
cracking development at the inner supports is very important from the viewpoint 
of future modelling perspectives. 
Figures IV.41 and IV.43 illustrate the development of strains over the left as well 
as over the right support in the third phase (displacement controlled loading until 
failure). The designation of the measurement locations were chosen according to 
Figure IV.18. Both sides of the specimen initially showed an approximately linear 
strain development. However, the formation of plastic hinges over the supports 
was accompanied by the formation of large cracks and resulted in the 
development of excessive strains at the top face of the slab.  
In the graphs (Figures IV.41 and IV.43) three distinct parts can be observed: the 
development of tensile membrane action (TMA), the rupture of the top 
reinforcement over the left support and the rupture of the top reinforcement over 
the right support. Considering the strain behaviour at the top side of the specimen, 
a maximum strain of around 29 x 10
-3
 was measured over the right support 
(Figure IV.43, Top 1) when the top reinforcement over the left support was 
ruptured. Again, the applied equipment (Electronic deformation gauges (Figure 
IV.18) measured the strain over a distance of 200 mm. Strain peaks in the 
reinforcement, such as at crack openings could not be measured. After the rupture 
of the top reinforcement bars, the bottom reinforcement had to take over the 
entire tensile force accompanied with the formation of tensile strains (cf. line 
Bottom 5, Figures IV.41and IV.43).   
Further, it should be mentioned that the ultimate strain at slab failure could hardly 
be determined on the top face of the specimen as almost all strain measuring 
stirrups dropped out during the last testing stage due to excessive cracking and 
strain development. As such, the strain stirrups failed either because the 
measuring distance became too long or because the holders came off if they were 
glued at the location where a crack occurred. 
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
Figure IV.41: Strain development left support, Phase 3 Figure IV.42: Deformation 
and cracks left support, 
Phase 3 

Figure IV.43: Strain development right support, Phase 3 Figure IV.44: Deformation 
and cracks right support, 
Phase 3 
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Figures IV.42 and IV.44 illustrate the deformation of the specimen at the location 
of the inner supports for different load levels which can be located in the strain 
diagrams (Figures IV.41 and IV.43). A and B (Figures IV.42 and IV.44) give 
information about the deformation in the linear loading phase as well as shortly 
before the formation of tensile membrane forces, respectively. C and D illustrate 
the cracking behaviour in stages of more advanced deformation. 
IV.5.3. Crack development slab 1 
The crack development of the largest crack openings during phase 3 is illustrated 
in Figure IV.45 (a) (left support) and (b) (right support) until a load of 120kN. It 
was observed that all major flexural cracks persisted transverse to the longitudinal 
axis over the full width of the specimen. However, at stages of higher 
deformation of the inner supports, also longitudinal cracks appeared at the level 
of the reinforcement (see pictures D in Figures IV.42 and IV.44). 
Figure IV.45: Crack development, left support (a), right support (b), Phase 3 
Measurements of crack widths were feasible until a displacement under the line 
loads of 200 mm on the front side and 280 mm on the backside of the specimen. 
At a load of 123 kN the most severe cracks were measured to have an opening of 
around 5.5 mm. 
The crack patterns observed at the location of the inner supports at different 
loading stages of phase 3 are shown in Figure IV.46. 
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Figure IV.46: Crack patterns at the left and right support zones at different loading stages 
during Phase 3 
Figure IV.46 (a) illustrates the cracking behaviour at a transverse load of 42 kN 
(during the elastic stage). Further, the crack pattern at the initiation of the plastic 
behaviour (i.e. 62 kN) is provided in Figure IV.46 (b). The crack patterns in the 
tensile membrane phase, just prior to the rupture of the top reinforcement bars 
over the left support (i.e. at 160 kN), are shown in Figure IV.46 (c). At stages of 
advanced loading, however, also longitudinal cracks developed at the location of 
the reinforcement bars. Figure IV.46 (d) illustrates the cracking behaviour at the 
left support (i.e. at 167 kN) after the rupture of the top reinforcement over the 
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right support. Additionally, the crack pattern after the collapse of the specimen is 
provided for the right support. 
IV.5.4. Failure mode slab 1 
Figure IV.47 shows the right inner support after collapse, which was ultimately 
induced by the tensile failure of the reinforcement bars in a crack over one of the 
supports, where plastic hinges developed. In order to establish the redistribution 
of stresses, sufficient rotation capacity of the specimen has to be available. It was 
the rotation capacity of the sections over the supports that created the necessary 
deformability to allow for the beneficial effect of tensile membrane behaviour. 
Further, it was found that the rotation capacity determined the failure. 
Figure IV.47: Failure of the specimen due to complete rupture of the longitudinal 
reinforcement at the right inner support 
IV.5.5. Conclusions slab 1 
The slab strip was exposed to three different distinct stages: an elastic, a plastic 
and a catenary stage. Both the development of displacements as well as the 
horizontal forces within this investigation, confirmed a load transfer process from 
an elastic bending behaviour to a catenary mechanism controlled by tension. 
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Based on the realized experimental investigation, it was observed that for this 
particular test configuration, a loss of the central support did not cause the 
structure to fail immediately. Forces were redistributed to the remaining supports 
and an alternate load path was established enabling the slab specimen to further 
withstand gravity loads and additional loading thereafter. 
Initially, the slab strip established a horizontal outward movement. In case of a 
restraint of this extension, compressive membrane forces would have developed. 
However, this was not the objective of this research and as such compressive 
membrane forces were not activated. However, once the specimen had begun to 
exhibit large deflections, tensile membrane action was developing. The results 
prove that in case sufficient horizontal restraint is provided, the tensile capacity of 
the reinforcement can assure the development of significantly high tensile 
membrane forces which results in a significantly increased load bearing capacity 
that is able to delay a progressive collapse of reinforced concrete structures. 
The maximum capacity of the tested specimen amounted to 180 kN at a 
deflection in the central span of 645 mm. This is three times the load that has 
been determined to be the service load (corresponding to 60 kN) for the test 
situation with central support. Hence, when assessing the robustness of a 
structure, the effect of tensile membrane action may have a significant influence 
on the collapse resistance. 
Note that for this specific test configuration the continuous longitudinal 
reinforcement bars had to be exceptionally long due to the dimensions of the 
large-scale test with a total horizontal length of 14.3 m. However, no splicing of 
the reinforcement bars in terms of mechanical connections, welded splices or lap 
splices was applied as it was not intended to investigate possible local failure at 
splices for this slab.  
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IV.6. Test observations slab 2: influence of 
reinforcement curtailment 
In the following the experimental findings of the slab 2 test are described 
primarily. However, in order to draw conclusions towards the influence of 
reinforcement curtailment, the test results of slab 2 are compared with the 
respective data of the slab 1 experiment.  
IV.6.1. Load-displacement response 
IV.6.1.1. Phase 1 
Figure IV.48 illustrates the deflection behaviour during phase 1. For both tests the 
load was gradually applied until 60 kN at a maximum deflection of 3.2 mm (slab 
1) and 3.4 mm (slab 2) under the line loads. Subsequently, the load was reduced 
again, resulting in a residual deflection of 1.4 mm (slab 1) and 1.5 mm (slab 2) at 
0 kN.  
Figure IV.48: Load-displacement behaviour, Phase 1 
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IV.6.1.2. Phase 2 
Phase 2 of the experimental investigation included the controlled simulated 
failure of the central support. Figure IV.49 shows the jack forces at the central 
support. When the reaction force at the central support was removed, a local 
deflection of around 13 mm (slab 1) and 19 mm (slab 2) was observed.  
This is reasonable as the bottom reinforcement in the mid-span section of slab 2 
was reduced to 50 % of the respective reinforcement amount of slab 1. As such, 
the slab experiences larger deformations when subjected to its gravity load due to 
the reduced stiffness. Note that the small plateaus observable in the descending 
branch of the curves are a result of the time needed for manual measurements 
during which the reaction force in the central span was kept at the same level. 
Figure IV.49: Load-displacement behaviour, Phase 2 
IV.6.1.3. Phase 3 
Figures IV.50 and IV.51 show the load-displacement behaviour of the specimens 
in phase 3 (Figure IV.50) and the development of tensile membrane forces 
(Figure IV.51).  
With increasing vertical deflections of the specimens, a yielding plateau at a 
transverse load of around 40 kN was established for the slab 2 experiment (60 kN 
for slab 1). Similar to the first tested slab, a plastic hinge developed at each of the 
inner supports after the slab ends moved inwards establishing a contact between 
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the horizontal restraining system — including the load cells to measure horizontal 
forces — and the specimens. In both test configurations, tensile membrane forces 
started to act at a deflection of around 260 mm as a result of the restraint of the 
inward movement, thus significantly enhancing the load-carrying capacity of the 
specimens. 
Figure IV.50: Load-displacement behaviour (Phase 3)      
Both slabs developed a load-displacement behaviour in the tensile membrane 
range with similar observed stiffness ending in the rupture of the top 
reinforcement bars over an inner support at a load of around 160 kN and a 
deflection of 440 mm (slab 1) and 460 mm (slab 2) corresponding to the first 
peak in the load-displacement curves (Figure IV.50). In case of slab 1 a second 
peak is observable in the load-displacement diagram — as explained in a previous 
section — due to the rupture of the top reinforcement bars at the opposing inner 
support at a load level of around 171 kN. 
Regarding the structural post-peak behaviour of slab 2, the load-displacement 
graph shows a significant drop in the carried load as only 50 % of the reinforcing 
bars were placed at the bottom of the inner support where the top reinforcement 
bars ruptured. As such, the remaining bottom reinforcement was subjected to 
yielding at a strongly reduced load level. Eventually, the collapse of slab 2 was 
induced by the rupture of the bottom reinforcement bars at a deflection of 520 
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mm in mid-span and a strongly reduced final load of 78 kN (as opposed to a 
deflection of 645 mm for slab 1 at an ultimate load of 180 kN). 
A maximum horizontal tensile force of up to 780 kN was measured (see Figure 
IV.51). Note that slab 2 developed a residual horizontal tensile force of around 
380 kN after the rupture of the top reinforcement layer corresponding to the 
tensile strength of 8 (slab 2) instead of 16 reinforcing bars (slab 1) located in the 
bottom of the sections at the inner supports.  
Figure IV.51: Development of membrane forces (Phase 3)  
IV.6.2. Strain development 
IV.6.2.1. Strain development at the central support/mid-span 
A comparison of the development of strains at the top and bottom fibres of the 
mid-span section is given in Figure IV.52 (digital measurements) and the strain 
distribution over the slab depth in Figure IV.53 (mechanical measurements). 
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Figure IV.52: Strain development measured by electronic deformation gauges (Figure 
IV.18) at the central support, Phase 1 
Figure IV.53: Strain development measured by DEMECs (Figure IV.19) at the central 
support, Phase 1
From Figure IV.52 it is confirmed that both top faces were subjected to 
approximately the same tensile strains in the first phase due to the hogging 
moment over the central support being in the same magnitude. Accordingly, the 
bottom faces were subjected to compression. In Figure IV.53 it can be noticed 
that strains increased gradually until the preloading level (60 kN) was reached. At 
this load, tensile strains of 565 x 10
-6
 were observed in case of slab 2, whereas the 
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bottom face developed a maximum compressive strain of -76 x 10
-6
. Both these 
values are approximately the same as for the slab 1 experiment. 
Figures IV.54 and IV.55 illustrate comparisons between the strain development of 
the tested specimens during phase 2 (removal of the central support). 
Figure IV.54: Strain development measured by electronic deformation gauges (Figure 
IV.18) at the central support, Phase 2 
Figure IV.55: Strain development measured by DEMECs (Figure IV.19) at the central 
support, Phase 2 
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Similar to the slab 1 experiment, the maximum jack forces in mid-span measured 
during the central support removal amounted to approximately 42 kN and 
consequently tensile strains were observed at the top side and compressive strains 
at the bottom side of the slabs (see Figure IV.54). With reducing reaction forces, 
the strains at the top fibre were gradually subjected to compression whereas 
tensile strains appeared on the bottom side.  
Figure IV.55 shows the strains at different depths and load steps. The curtailed 
slab 2 specimen showed an increased strain after the removal of the central 
support of -112 x 10
-6 
in compression at the top fibre and 690 x 10
-6
 at the bottom 
fibre in tension. As such, the tensile strain was found to be more than twice the 
strain of the slab 1 experiment (270 x 10
-6
) in the equivalent loading stage. This is 
reasonable as in case of the above described statically indeterminate one-way slab 
specimens, the moment at mid-span changes sign as soon as the central support 
fails and the central bottom region, that was originally designed to be in 
compression, switches to tension. This change conventionally implies a severe 
alteration in the structural system. In case of slab 2 only 50 % of the 
reinforcement was provided at the bottom location in mid-span. As such, an 
increased tensile strain was observed after the removal of the central support in a 
loading range where tensile membrane action was not established yet. 
A comparison of the strain evolution measured in the third phase of the 
experiments by digital strain gauges in the top and bottom fibres of the mid-span 
section is given in Figure IV.56. Further, the strain distribution over the slab 
depth determined by DEMEC measurement devices is illustrated in Figure IV.57. 
Initially, the strain behaviour of both slabs was observed to be linear (see Figure 
IV.56) followed by a non-linear strain development. When the tensile membrane 
stage was introduced, strains at the bottom side of the specimens stayed at 
approximately the same level, while the compressive strains at the top face of the 
specimens decreased. Digital strain measurements for the slab 2 experiment at the 
mid-span section were feasible until a load level of around 110 kN before the 
strain gauges dropped out. However, with regard to line ‘Slab 2 (top)’ in Figure 
IV.56 it can be presumed that both the top as well as the bottom reinforcement 
layer have been subjected to tension in more advanced loading stages.  
This assumption is in line with the measurement results as provided in Figure 
IV.57 showing the entire section and, hence, also both reinforcement layers being 
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in tension already at a transverse load of 80 kN. At this load step, a strain of 9.2 x 
10
-3
 was measured at the bottom side as opposed to a strain of 12.5 x 10
-3
 in case 
of slab 1 at approximately the same load level (75 kN). Further, a tensile strain of 
874 x 10
-6 
was measured at the top side of the mid-span section of slab 2  (73 x 
10
-6
 in case of slab 1 at 75 kN). 
Figure IV.56: Strain development (mean value) strain gauges, mid-span, Phase 3 
Figure IV.57: Strain development (mean value) DEMECs, mid-span, Phase 3 
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IV.6.2.2. Strain development at the inner supports 
As already mentioned, the inner support regions were of particular importance 
with respect to the collapse resistance of the specimens. Once the top 
reinforcement failed, the bottom reinforcement had to take over the tensile forces 
(involving the formation of very large crack openings and strains) which was not 
possible to achieve in the case of slab 2, because the reduced remaining 
reinforcement ratio was not able to establish the membrane force. 
Figure IV.58 illustrates the development of strains over one of the inner supports 
in the third phase for both specimens. The designation of the measurement 
locations was chosen according to Figure IV.18. The specimens initially showed 
a linear strain development. However, the formation of plastic hinges over the 
supports was accompanied by the formation of large cracks and resulted in non-
linear strain behaviour. Similar to the digitally measured strains at the mid-span 
section, the strain gauges in case of slab 2 failed quite early. As a consequence, 
the strains at the inner support section could not be measured until the collapse of 
the slab. 
Considering the strain behaviour at the top side of slab 2, maximum strains of 
around and 24 x 10
-3
 were measured. 
Figure IV.58: Strain development over one of the inner supports, phase 3 
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IV.6.3. Crack development and failure mode slab 2 
Figure IV.59 illustrates the deformation and cracks of slab 2 at the location of the 
inner supports. The transverse load level FQ is indicated in each illustration. 
Analogous to the crack development of slab 1, the crack patterns recorded during 
the testing showed that all major flexural cracks persisted transverse to the 
longitudinal axis over the entire slab width. In the tensile membrane region, just 
prior to the rupture of the top reinforcement bars, also longitudinal cracks began 
to form at the level of the bottom reinforcement.  
The collapse of slab 2 was induced by the rupture of the top reinforcement in a 
wide crack at one of the inner supports. Consequently, the bottom reinforcement 
at the same location being only 50 % of the reinforcement used for slab 1, was 
subjected to very high tensile forces eventually leading to the gradual tensile 
failure of the bottom layer and, thus, the collapse of slab 2.  
Figure IV.59: Deformation and cracks at the inner supports, phase 3 
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In order to obtain this consecutive failure sequence in a plastic hinge, sufficient 
rotation capacity has to be provided at the inner support sections as this allows the 
necessary deformations for the tensile membrane behaviour to occur. Figure 
IV.60 gives information about the magnitude of the rotation angles at the inner 
support sections during phase 3. The results were derived from the LVDT 
measurements as illustrated in Figure IV.20.  
Figure IV.60: Rotation angles at the inner supports, phase 3 
Both, the left as well as the right inner support of slab 2 were exposed to 
comparable rotations and the overall plots are consequently rather similar. When 
the top reinforcement failed at the left inner support, a rotation angle of around 
6.3° was measured while the right inner support showed a value of 7.1° at the 
same maximum load level. 
Finally, Figure IV.61 shows the left support of slab 2 after collapse. Additionally, 
in Figure IV.62 the complete slab 2 is shown after collapse (with loading and 
measuring devices partly removed). 
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Figure IV.61: Slab 2 just after collapse (left inner support) 
Figure IV.62: Slab 2 after collapse (complete view)
IV.6.4. Conclusions slab 2 
In order to investigate the influence of reinforcement curtailment under tensile 
membrane behaviour in reinforced concrete slab strips, a second real-scale test 
was conducted.  
The laterally restrained specimen exposed to a simulated failure of the central 
support withstood a transverse load that was around 260 % of the service load 
associated to the shorter spans before removal of the central support compared to 
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300 % for slab 1. This favourable effect was solely due to tensile membrane 
behaviour resulting in a significant increase of the load-displacement curve when 
entering the tensile membrane stage.  
Based on the realised experimental investigations, it was observed that for both 
test arrangements, a loss of the central support did not cause the specimens to fail 
under gravity load. Especially slab 2 with curtailed reinforcement was not 
explicitly designed for this accidental situation. It has been shown that for a 
curtailed as well as for a continuous flexural reinforcement arrangement, the 
tensile capacity of the reinforcement can provide a considerable strength reserve 
in case sufficient horizontal restraint is provided. 
In the case of slab 1, rupture of the top reinforcement bars over one support 
occurred. Subsequently, the reinforcement in the top location of the opposing 
inner support ruptured as well. However, this did not result in the ultimate 
collapse of the specimen. On the contrary, it was demonstrated that the remaining 
bottom reinforcement could take over the horizontal tensile force. In the case of 
slab 2 (curtailed reinforcement), however, rupture of the top reinforcement bars 
occurred only at the location of one inner support. Consequently, the established 
residual tensile membrane force at this section approximately corresponded to the 
tensile capacity of the reduced reinforcement area (i.e. 8 reinforcement bars in the 
bottom layer).   
Further, the collapse of the specimens was eventually triggered by the rupture of 
the bottom reinforcement at the inner supports. As a result, the collapse resistance 
is strongly dependent on the ductility of the reinforcing bars. In case the 
maximum strain capacity of one reinforcement bar is exceeded, membrane 
stresses have to be redistributed over all other reinforcement bars in a certain 
layer, most often resulting in an almost simultaneous rupture of all reinforcement 
bars in the layer. It was demonstrated that the bottom reinforcement bars over the 
inner supports could take over the tensile forces (or partly in case of slab 2) 
without causing the specimen to fail immediately. Detailed observations with 
respect to the strain and crack development under tensile membrane action were 
described (see sections IV.5.2, IV.5.3, IV.6.2 and IV.6.3). These latter 
observations are of particular importance with respect to further research towards 
numerical modelling of catenary and membrane action in concrete slabs. 
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Although the initial structural behaviour of the slabs was different because of the 
different reinforcement arrangement due to the curtailment, the load-displacement 
curves showed a similar behaviour as soon as the contact between the specimens 
and the horizontal restraining system was established. Moreover, the load 
capacity and maximum tensile membrane force were almost the same for both 
slabs and as such the effect of curtailment was found to be negligible with respect 
to the first load peak just prior to the rupture of the top reinforcement bars over 
the inner supports.  
The present investigation focussed on the influence of reinforcement curtailment 
only not focussing on the effect of splicing. In real structures however, 
reinforcement splices are mostly inevitable and could, depending on their 
location, reduce the ductility and ultimate rotation capacity of the spliced zones or 
lead to local failure at critical sections other than those observed in this set of 
experiments. The experimental investigations have illustrated that the 
development of very large strains and excessive cracking are to be expected in 
case of an accidental removal of a support and subsequent loading. It is in 
question whether the presence of spliced reinforcement would trigger premature 
failure. 
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IV.7. Test observations slab 3: influence of slab 
thickness 
IV.7.1. Load-displacement response slab 3  
IV.7.1.1. Phase 1 
Figure IV.63 illustrates the load-displacement behaviour of all three tested slabs 
during phase 1. In addition, a summary of displacement measurements taken 
under the line loads at maximum load and after the load application is provided in 
Table IV.5.  
Figure IV.63: Load-displacement behaviour, Phase 1 
Note that the load during phase 1 was reduced from 60 kN to 30 kN as a 
consequence of the reduced thickness (from 160 mm to 140 mm) in case of slab 
3. As such, a maximum deflection under the line loads of around 1.7 mm was 
observed when the full preload was applied on the specimen. After unloading, a 
residual deflection of around 0.7 mm was measured.    
Table IV.5: Summary of displacement measurements, Phase 1 
Slab 1 Slab 2 Slab 3 
Displacement under preload 
0.8 mm at 30 kN  
3.1 mm at 60 kN 
0.9 mm at 30 kN 
3.2 mm at 60 kN 
1.7 mm at 30 kN 
Residual displacement after unloading 1.4 mm at 0 kN 1.5 mm at 0 kN 0.7 mm at 0 kN
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IV.7.1.2. Phase 2 
Figure IV.64 gives information about the displacement measurements at the 
location of the central support with decreasing jack forces. The maximum 
displacements measured during phase 2, i.e. when the transformation from two 
spans of 4 m into one single span of 8 m (reaction force at central support equals 
zero) was established, are provided in Table IV.6. Additionally, the l/d ratio (span 
length l over the effective depth d) is mentioned.  
Figure IV.64: Load-displacement behaviour, Phase 2 
Slab 3 developed a maximum deflection in the mid-span section of around 36 mm 
which is almost twice the deflection that was observed in the slab 2 experiment. 
Further, it was noted that the flexural stiffness of slab 3 is less compared to slabs 
1 and 2, as the reduction in the effective depth of the specimen influences the 
stiffness significantly.    
Table IV.6: Summary of displacement measurements, Phase 2 
Slab 1 Slab 2 Slab 3 
Displacement at the central support/mid-span 13 mm 19 mm  36 mm  
l/d ratio 59.3 59.3 69.6 
Experimental investigation 141 
IV.7.1.3. Phase 3 
Figure IV.65 shows the load-displacement behaviour of the tested specimens in 
phase 3. Generally, all specimens were exposed to the stages of linear and plastic 
material behaviour followed by a catenary mechanism stage once the inward 
movement of the edge beams was restrained. In case of slab 3, the initial 
displacement just prior to the initiation of phase 3 was somewhat higher 
compared to slabs 1 and 2 (see also previous section). Owing to the increased 
slenderness of slab 3, the load-displacement graph illustrates a less stiff structural 
performance before yielding of the reinforcement and the development of plastic 
hinges. Further, the yielding plateau in case of slab 3 started to form at a load 
level of about 29.5 kN approximately corresponding to the ratio of effective 
depths  E 

ff
ff when compared with the start of the yielding plateau of  
slab 2. 
Figure IV.65: Load-displacement behaviour, Phase 3 
For all three specimens an initial elongation under increasing load and outward 
horizontal displacements of the edge beams were observed. With increasing 
vertical deflections and yielding of the reinforcement, the edge beams started an 
inward movement and two plastic hinges were developing over the inner supports 
also in case of slab 3. Figure IV.66 illustrates the horizontal displacements of the 
edge beams measured for all three slab strips during phase 3. While the contact 
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between the horizontal restraint system and the specimens was established for 
slabs 1 and 2 at a central deflection of about 260 mm, slab 3 developed tensile 
membrane forces already at a central deflection of about 220 mm. 
Figure IV.66: Horizontal displacement of the edge beams, Phase 3 
As a result of the restrained inward movement, also slab 3 developed a 
significantly enhanced load-carrying capacity due to the formation of in-plane 
tensile forces. Further, slab 3 established a load-displacement graph in the tensile 
membrane range with similar stiffness as the first two slab tests and the first 
loading peak displayed in Figure IV.65 corresponds to approximately the same 
load level for all three slabs. However, while in case of slabs 1 and 2 this peak is 
due to the failure of the top reinforcement bars over the inner supports, the 
bottom reinforcement bars failed at a curtailed section between the load 
application point and the mid-span section in case of slab 3. Although the 
specimen did not collapse immediately after rupture of the reinforcement bars in 
the curtailed section, the final load was strongly reduced after the initial loading 
peak and appeared to be around 35 kN at a central deflection of 555 mm.    
Also in Figure IV.67, which illustrates the development of the tensile membrane 
forces, it is obvious that tensile membrane action was activated somewhat earlier 
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in the slab 3 test. Further, the ultimate tensile membrane force yielded 825 kN 
which is slightly higher than the ones observed during the slab 1 and 2 tests.  
Figure IV.67: Development of membrane forces, Phase 3 
IV.7.2. Strain development slab 3 
IV.7.2.1. Strain development at the central support/mid-span 
The development of strains during phase 1 at the top and bottom side of the mid-
span section of slab 3 is given in Figure IV.68 and the strain distribution over the 
slab depth is illustrated in Figure IV.69. 
In Figure IV.68 it can be seen that the top face of the specimen was exposed to 
tension at the central support location and the slab’s bottom face was subjected to 
compression. Measurements by the electronic deformation gauges confirmed a 
maximum strain at the top side of slab 3 of around 350 x 10
-6
 (tension) during 
phase 1. The bottom face developed a maximum strain of -105 x 10
-6
(compression) when the preload was fully applied. The residual strain, when the 
load was subsequently removed, amounted to around 215 x 10
-6
 (tension) and -40 
x 10
-6
 (compression) for the top and bottom face of slab 3, respectively.      
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Figure IV.68: Strain development measured by electronic deformation gauges (Figure 
IV.18) at the central support, Phase 1 
In Figure IV.69 it can be noticed that strains increased gradually until the 
preloading level (30 kN) was reached. At this load, strains of 205 x 10-6 (tension) 
were observed at the location where the top reinforcement was placed, whereas 
the bottom face developed a maximum strain of -65 x 10
-6
 (compression). 
Figure IV.69: Strain development measured by DEMECs (Figure IV.19) at the central 
support, Phase 1 
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The evolution of strains observed during phase 2 is represented in Figure IV.70 as 
a graph relating the jack force measured at the central support and the occurring 
strains at the top and bottom side of slab 3 in the mid-span section.    
Basically, the redistribution of forces within the specimen to withstand the gravity 
load is represented in this illustration giving values of 1050 x 10
-6
 (tension) at the 
bottom and -630 x 10
-6
 (compression) at the top side of the specimen.    
Figure IV.70: Strain development measured by electronic deformation gauges (Figure 
IV.18) at the central support, Phase 2 
The strain distribution over the slab depth for the same loading phase is illustrated 
in Figure IV.71. Also in this graph, a changeover from tensile (positive) to 
compressive (negative) strains is observable at the location of the top 
reinforcement bars (and vice versa for the bottom reinforcement) in the mid-span 
section due to the removal of the central support. Maximum strain values in the 
top reinforcement yielded -215 x 10
-6
 (compression) while the DEMEC 
measurements at the location of the bottom reinforcement showed strains up to 
930 x 10
-6
 (tension). 
  
For the reinforcement with a given elastic modulus of 207.9 GPa and yield 
strength of 555 MPa, the resulting stress in the bottom reinforcement equals 207.9 
x 10
3
 x 930 x 10
-6
 = 193 MPa being 35 % of the elastic capacity of the 
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reinforcement. Again, strain peaks such as the one developing in larger cracks 
could not be detected.     
Figure IV.71: Strain development measured by DEMECs (Figure IV.19) at the central 
support, Phase 2 
Figure IV.72 gives a comprehensive overview of the strain development observed 
in all three slab tests during phase 3 in the mid-span section. Further, the strain 
distribution over the specimen depth of slab 3 is illustrated in Figure IV.73.  
It was noticed from the slab 3 experiment that the bottom side of the specimen 
was exposed to tensile strains of around 6400 x 10
-6
 when tensile membrane 
action started to work on the specimen. This value represents the maximum 
measured strain for this section in tension (see Figure IV.72).  
Right from the start of developing tensile membrane forces, the strains gradually 
decreased on the bottom face of the specimen until an ultimate strain value of 
around 4500 x 10
-6
. This was the lowest value compared to the ultimate strains of 
slabs 1 and 2. When the tensile membrane stage was introduced, the top face of 
the specimen’s mid-span section was accordingly subjected to compression at a 
strain value of around -2050 x 10
-6
. With increasing tensile membrane forces also 
the strain in the top reinforcement increased resulting in a switch from 
compressive to tensile strains at a load of around 120 kN so that the entire mid-
span section of slab 3 was exposed to tension. At a load level of 141 kN (see 
Figure IV.73) an average strain of 1632 x 10
-6
 was measured at the level of the 
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top reinforcement bars by DEMEC measurement devices. At the location of the 
bottom reinforcement layer, strains of 5705 x 10
-6
 were observed.        
Figure IV.72: Strain development measured by electronic deformation gauges (Figure 
IV.18) at the central support, Phase 3 
Figure IV.73: Strain development measured by DEMECs (Figure IV.19) at the central 
support, Phase 3 
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IV.7.2.2. Development of strains and rotation angles at the inner 
supports 
Figures IV.74 to IV.77 illustrate the strain development at the location of the 
inner right and left support as opposed to the development of rotation angles. 
Again, the designations in the legend were chosen according to Figure IV.18. 
Maximum strain values up to 50 x 10
-3
 were measured at the top face of slab 3 
resulting in an ultimate rotation of around 6.6° for both the left and right inner 
support. Note, that the average steel strain at reinforcement rupture 9 as 
observed during tensile tests on reference specimens as explained in section 
IV.3.5.2 is 83.13 x 10
-3
. 
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Figure IV.74: Strain development at the left support, Phase 3  
Figure IV.75: Rotation angles at the left support with crack pattern at ultimate rotation 
(insert), Phase 3 
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Figure IV.76: Strain development at the right support, Phase 3 
Figure IV.77: Rotation angles at the right support with crack pattern at ultimate rotation 
(insert), Phase 3 
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IV.7.3. Crack development and failure mode slab 3 
In contrast to the failure modes of slabs 1 and 2, neither the reinforcement in the 
top nor in the bottom reinforcement layer over the inner supports was exposed to 
tensile rupture in case of the slab 3 experiment.  
It was the curtailed section between mid-span and the right load application point 
where the specimen failed (see Figure IV.78) due to the tensile failure of the 
bottom reinforcement and subsequent rupture of the top bars. Further, it was 
noticed from crack measurements that the overall crack formation was similar to 
the ones observed in the first two experiments. However, very large crack 
openings began to form abruptly at a load of approximately 85 kN. Up to this 
load level only very thin hairline cracks were observable at the curtailed sections.  
  
Figure IV.79 gives an impression of the state of deformation and failure of slab 3. 
The upper picture illustrates the deformed slab strip after collapse. The two 
illustrations on the bottom show detailed pictures of the sections where the 
reinforcement ruptured. 
Figure IV.78: Indication of the failure location of slab 3 (only the curtailed reinforcement, 
which equals 50 % of the total cross section, is shown) 
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Detail failure location (back)                      Detail failure location (front) 
      
Figure IV.79: Deformation after collapse and failure mode slab 3 
Failure location (front)
Ruptured (bottom bar) 
Ruptured (top bar) 
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IV.7.4. Conclusions slab 3 
Based on the already successfully conducted slab 1 and slab 2 experiments, where 
the influence of reinforcement curtailment on the structural response under tensile 
membrane action was investigated, a third test slab configuration was established 
in order to investigate a second aspect, i.e. the reduction in thickness in 
combination with reinforcement curtailment.  
It was demonstrated that the gradual removal of the central support did not result 
in structural failure. In comparison to the slab 1 and slab 2 experiments, however, 
much larger mid-span deflections were observed.  
The outward movement of the thinner slab’s edge beams showed to be slightly 
less. Further, the yield plateau during the slab 3 experiment established at a 
transverse load level of around 29.5 kN being lower than the ones provided by the 
thicker specimens at corresponding states of deformation. Further, it was noticed 
that the reduced thickness did not only result in a less pronounced lateral outward 
movement, but also did the slab reach the initial position due to subsequent 
inward movement in a state corresponding to smaller vertical deflections in the 
slab’s span. As a consequence, tensile membrane action was observed to be 
activated already at lower mid-span displacements. 
Although the initial structural response of the three considered slabs was different 
because of the different slab configurations, the loading response in the tensile 
membrane range showed a similar stiffness once the contact between the 
specimens and the horizontal restraining system was established. This finding is 
reasonable as in the tensile membrane stage the load transmission is largely 
established by normal forces in the reinforcement and the thickness of the 
specimen becomes less significant with respect to the loading response in the 
tensile membrane stage. 
It was repeatedly demonstrated that for a curtailed flexural reinforcement 
arrangement, the tensile capacity of the reinforcement possesses a considerable 
strength reserve in case sufficient horizontal restraint is provided. All three test 
configurations confirmed the failure mechanism to be triggered by the rupture of 
the reinforcement bars. In contrast to the slab 1 and slab 2 experiments where the 
failure occurred at one of the inner supports, it was the curtailed section between 
mid-span and one of the line loads that was exposed to reinforcement rupture.  
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The ultimate load of slab 3 was approximately 5.5 times the yield load in 
comparison with the slab 1 experiment providing an ultimate load yield load ratio 
of around 3. 
   
IV.8. Summary and general conclusions  
Although membrane behaviour in laterally restrained slab specimens was already 
investigated by other researchers, most published investigations focussed on 
compressive membrane behaviour. Tensile membrane action, especially in real-
scale structural elements, has much less been the subject of research. However, in 
case of robustness assessment of concrete structures subjected to accidental 
failure, they are of crucial importance.  
In order to investigate the favourable effect of tensile membrane action, three 
different large-scale tests (slab 1, 2 and 3) on slab strips with horizontal restraint, 
varying reinforcement arrangements and specimen thicknesses were performed. 
The tested slab specimens were exposed to an artificial failure of the central 
support and subsequent vertical loading until collapse.  
Each of the specimens was able to generate a load transfer (alternate load path) to 
the remaining supports when the central support was removed. Although the 
specimens were not explicitly designed for robustness or a support removal 
scenario, they have been able to withstand gravity load without experiencing 
collapse.     
Generally, all slab specimens were exposed to three different distinct stages: an 
elastic, a plastic and a tensile membrane stage. In the last mentioned tensile 
membrane stage a significant increase in the load-carrying capacity of each test 
specimen was observed (between 3 and 5.5 times the yield load).  
Based on the experimental investigations, the following observations are made: 
• In the tensile membrane range, two distinct critical failure locations were 
revealed: at the inner supports and also at the section with curtailed 
reinforcement between mid-span and the line loads.   
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• Curtailment was found to have a minor influence on the formation and 
general development of tensile membrane action. However, in loading 
stages where the reinforcement started to fracture, the tensile membrane 
action established by the remaining reinforcement bars were 
considerably reduced by an amount proportionate to the reduction of the 
reinforcement ratio due to the curtailment. This resulted in a strongly 
decreased final load at less excessive ultimate displacements. 
• Reducing the effective depth led to an increase of the rotation capacity at 
the section of the inner supports and a shift of the critical failure location 
to the curtailed sections.  
• The carried load just prior to first reinforcement rupture was almost the 
same for all test configurations. In case of the slabs with the same 
thickness this peak load is defined by the rotation capacity at the inner 
supports and it is consequently explicable that these loads correspond. 
The slab with a reduced slab thickness failed in a region with 
curtailment, however, at approximately the same load level.  
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“The computer simulations help us 
perform better experiments, and the 
laboratory tests help us design better 
simulations, and the overall combination 
saves time and money.” (Andreas Lüttge)
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V.1. Introduction 
The application of the finite element method (FEM) is at present time a daily tool 
for structural engineers to perform more complex analyses, mostly resulting in 
more economic construction solutions. For the finite element modelling 
performed in the present thesis, the DIANA (Displacement Analyzer) software 
package was used together with the pre- and post-processing software Midas 
FX+. It is an extensive multi-purpose finite element software package which is 
dedicated to a wide range of problems arising in civil engineering disciplines.     
Generally, finite element analysis is a computerized technique that is often used 
to predict or simulate the structural behaviour of reinforced concrete members. 
Considering accidental situations, however, the robustness related performance of 
reinforced concrete slabs is highly non-linear as a result of non-linear material 
behaviour and geometric non-linear behaviour due to large deflections. Therefore, 
creating a finite element model to study the large deformation behaviour of 
reinforced concrete structures implicates a lot of care in the definition of material 
models, the mesh specification and the boundary conditions. A detailed 
description of the main material properties and model characteristics applied in 
the numerical simulations is provided in section V.2.  
Large-scale tests are very time-consuming and expensive. Hence, the necessity of 
suitable numerical modelling of these phenomena is evident. Consequently, in the 
present chapter, priority was given to the investigation of tensile membrane action 
in one-way concrete slabs in order to establish a suitable computer-based 
modelling framework which subsequently allows a parametric study based on a 
validated model for membrane action.  
In order to investigate whether the applied finite element analysis is actually a 
suitable tool to simulate the structural behaviour under membrane action and, 
hence, to validate the established finite element models, the structural behaviour 
of the three tested slab specimens was numerically simulated. Further, the results 
of these analyses (e.g. load-displacement curves, rotation angles over the 
supports, the development of tensile membrane force and strains) are compared 
with the laboratory tests as illustrated in section V.3 in order to demonstrate that 
the model assumptions made for the simulations were appropriate.  
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By means of the developed finite element models, a parametric study is 
conducted in section V.4.  
Within this study, several selected parameters which are expected to imply a 
crucial sensitivity on the overall load-carrying capacity and robustness of the 
slabs under investigation are discussed. Two general model configurations are 
considered for the parametric study differing only in the lateral edge restraint.  In 
the finite element model configuration, the horizontal restraint conditions 
according to each specific slab test was accounted for in order to compare and 
assess the influence of different boundary conditions. However, as in the 
laboratory tests only the horizontal inward movement of the slabs was restrained, 
compressive membrane action was not activated as it was found to be beyond the 
scope of the experimental investigation and moreover, would have complicated 
the test set-up considerably. Furthermore, compressive membrane action was of 
negligible influence when taking the slenderness of the test specimens and the 
very large (although imperfect) horizontal stiffness provided by the anchor blocks 
into consideration. Not only to prove this hypothesis to be correct, but also to 
investigate the contribution of bilateral restrains for other model set-ups differing 
from those considered in the laboratory tests, the second model configuration 
used for each simulation includes perfect edge restraints.         
With respect to the parametric study, first the influence of the span-to-depth ratio 
is investigated by variation of the central span length for both restraint conditions. 
Further, the influence of alternative horizontal boundary conditions is discussed 
taking into consideration different spring coefficients for the edge beam 
restraints. The significant influence of the ultimate strain provided by the 
reinforcing steel is illustrated and the effect of reinforcement curtailment is 
discussed considering different degrees of curtailment for both model 
configurations. Additionally, the influence of different slab thicknesses is 
investigated.    
By means of these parametric analyses, a set of general guidelines is provided and 
conclusions are drawn resulting in proposals for a more appropriate design with 
respect to structural robustness (section V.5). 
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V.2. Main characteristics of the applied models 
V.2.1. Material models 
V.2.1.1. Non-linear concrete properties 
For all concrete elements, non-linear material properties have been considered 
that allow for cracking. The concrete compressive behaviour was implemented as 
a bi-linear stress-strain relationship (elasto-plastic) as illustrated in Figure V.1 
(left) being represented by a so-called predefined CONSTA curve considering the 
modulus of elasticity and the compressive strength of the concrete which was 
implemented in accordance with Table IV.3. This simplified material model for 
concrete under compression was found to be beneficial with regard to numerical 
stability. Although accounting for softening phenomena is generally possible in 
numerical analyses, it appears to be difficult when very large deformations occur. 
The experimentally measured stress-strain behaviour of concrete cubes or 
cylinders in the softening branch is not appropriate since the confinement 
provided by the reinforcing bars and the steel plate at the inner support section 
enhances the acceptable compressive stresses and strains of the concrete 
significantly. As opposed to the experiments where no concrete crushing was 
observed, an incorporation of softening phenomena in the numerical analysis 
leads to localised concrete failure at singular integration points near the 
supporting steel plate while the strains of the surrounding elements are still 
acceptable. Taken this into consideration, the elasto-plastic material behaviour 
was found to be a suitable approximation.   
For concrete in tension, a Hordijk tension softening model (see Figure V.1 
(right)) was assumed because the exponential softening proved to be beneficial 
for the convergence of the calculations. The so-called predefined HORDYK 
tensile stress-strain curve is a function of the tensile strength of the concrete and 
the fracture energy value which relates to the softening characterisation. The 
fracture energy was determined according to the fib Model Code 1990. In 
addition, a total strain fixed crack model was adopted for concrete in tension. 
Besides basic material parameters such as the density, modulus of elasticity and 
Poisson ratio, for the reduction of the shear stiffness after cracking a constant 
shear retention factor BETA was used.    
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Figure V.1: Material stress-strain behaviour: Concrete in compression (left), Concrete in 
tension (right) 
V.2.1.2. Non-linear reinforcement properties 
For the modelling of the reinforcement bars, plastic deformation of the steel 
reinforcement was considered and non-linear material properties were adopted. 
As such, a multi-linear stress-strain relationship in accordance with laboratory 
tests on reference specimens (see Fig. IV.12 and Table IV.4) was applied. Note, 
that also the sudden decrease in strength after the rupture of the reinforcement 
bars was modelled as it was intended to investigate the failure mechanism of the 
slab models. Further, the strain hardening hypothesis together with the Von Mises
(VMISES) plastic criterion was used. In addition, basic material parameters such 
as density, modulus of elasticity and Poisson ratio were implemented. 
V.2.1.3. Linear steel properties 
For the small steel plates at the supports and the load application points, linear 
steel properties have been considered as yielding of these steel elements was not 
expected to occur. The modulus of elasticity has been taken equal to an average 
value of 210000 N/mm². Further, a Poisson ratio of 0.3 has been adopted for the 
model. 
V.2.1.4. Interface properties 
In order to comply with the test set-up where outward movement of the 
specimens was not prevented, the finite element model was equipped with line 
interfaces (see Figure V.4) between thin steel plates allowing for lateral outward 
translation while restraining the model against inward movement by transferring 
the occurring horizontal forces to spring elements.
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V.2.1.5. Spring properties 
The horizontal stiffness provided by the restraining anchor blocks was taken into 
consideration by multi-linear spring elements. The considered relationship 
between the horizontal force and the horizontal displacement as illustrated in 
Figure V.2 is based on laboratory data. When the model slabs are attempting to 
move inwards, the aforementioned interface elements are transferring the 
horizontal forces to a steel plate as illustrated in Figure V.4 which is directly 
attached to the spring elements giving a (limited) horizontal displacement under 
compression.   
Figure V.2: Horizontal spring stiffness applied in the finite element analysis 
Note that the horizontal restraint stiffness provided by the anchor blocks is 
strongly dependent on the laboratory condition and may vary for other test 
arrangements or in real structures. However, not considering this non-linear 
horizontal boundary condition would have yielded an over-prediction in carried 
load as will be explained and discussed further on in this thesis. As such, it was 
found inevitable to model the horizontal movement of the anchor blocks with 
increasing tensile membrane forces especially with regard to the validation of the 
proposed numerical model. 
V.2.2. Geometry and meshing 
As a result of the symmetry of the specimen regarding its geometry and loading, 
only half of the specimen was modelled reducing the number of elements by half 
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and, thus, decreasing the calculation time. Figure V.3 illustrates the 2D mesh of 
the finite element model. Due to the large difference in strain over the depth of 
the slab in the plastic hinge regions and to ensure that the numerical solution 
would be sufficiently stable, a rather dense mesh was chosen and applied 
everywhere as significant cracking was expected to occur all over the slab. 
Further, an analysis method considering geometric non-linearity has been used. 
Figure V.3: Mesh of the 2D model 
In order to simulate the structural behaviour of the tested slabs within a 
reasonable tolerance, the geometric properties used in the finite element model 
were based on the details of the construction plans with respect to external 
dimensions, the arrangement of the reinforcement as well as the location of the 
load application. In reality, however, the horizontal support at the edge beams 
was established by anchor blocks as well as load cells that were located in the 
centre line of the specimen adjacent to the slab (see Figure IV.6). As this 
configuration was not able to be modelled within a 2D mesh and would have 
unnecessarily complicated the model, the horizontal support (interface + spring 
connection) was split up into one horizontal support acting above, the other one 
acting beneath the slab on the edge beam. Figure V.4 shows a detail of this 
horizontal support. 
Figure V.4: Detail of the horizontal support condition (lateral view) 
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V.2.2.1. Applied element types 
Eight-node quadrilateral isoparametric plane stress elements (CQ16M) based on 
quadratic interpolation and Gauss integration were used to model the concrete 
elements, the supports and the load application point. For the reinforcement, one-
dimensional fully embedded bar reinforcement elements (L4TRU) were applied 
with perfect bond between the reinforcement and the neighbouring concrete 
elements. The element type used for the reinforcement bars is a two-node directly 
integrated truss element. Due to the displacements uy perpendicular to the bar 
axis, the L4TRU element can be used in two-dimensional geometrically non-
linear analyses. The strains for the reinforcement are calculated based on the 
surrounding concrete elements due to the perfect bond. An illustration of the 
applied elements used to model the concrete, the supports and the reinforcement 
is provided in Figure V.5. 
    
Figure V.5: Applied element types for concrete, supports (CQ16M, left) and reinforcement 
(L4TRU, right) 
The horizontal support condition at the edge beam was established by an 
interface-spring connection. For the interface between the edge beam and the 
spring elements, the element type CL12I was applied which is suitable to be used 
as an interface element between two lines in a two-dimensional configuration. 
These elements are also based on quadratic interpolation. A schematic illustration 
of the applied interface elements is provided in Figure V.6.      
   
Figure V.6: Applied interface elements (CL12I), typology (left) and displacements (right) 
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For the spring component of the horizontal support configuration, the element 
type SP2TR was applied which is a two-node translation spring. The basic 
variables of these types of elements are the axial forces and the respective 
displacement. Figure V.7 illustrates the principle of this element type 
schematically. 
Figure V.7: Applied spring elements (SP2TR), typology (left), displacement (middle) and 
force (right) 
V.2.3. Boundary conditions 
Since use was made of the symmetry of the slabs, lateral displacements were 
prohibited at the central support. At the central and inner supports no vertical 
displacements were allowed by means of one nodal support simulating a 
transverse line over the slab width. Steel plates were inserted between the 
supports and the concrete elements not only to prevent local splitting effects, but 
also to account for the real test situation. The edge beam was perfectly restrained 
against vertical displacements. In addition, the ends of the horizontal spring 
elements were provided with horizontal supports in order to restrain inward 
movements of the edge beam and to provide the necessary support condition to 
establish tensile membrane action. 
V.2.4. Loading 
The loading procedure was applied in accordance with the laboratory tests by 
making use of a so called phased analysis which comprises several calculation 
phases in which the user has the possibility to change the finite element model by 
addition or removal of elements. For each calculation phase, a separate analysis is 
performed having the results (such as stresses and deformations) from previous 
phases as initial values. This type of analysis was necessary in order to account 
for the removal of the central support in a similar way as during the execution of 
the experiments.
Initially, the slab under investigation was subjected to its self-weight. In addition, 
the preload was applied in a load controlled way. The obtained stresses and 
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strains were transmitted to a second phase within which the two elements 
representing the steel plates at the location of the central support were 
deactivated. In this way the removal of the central support could numerically be 
simulated. In the same calculation phase a displacement controlled load was 
applied.  
V.2.5. Calculation method 
For all numerical models a non-linear structural analysis was performed. As very 
large deformations and displacements were observed during the laboratory 
experiments, an analysis method considering geometrical non-linearities has been 
implemented. This has shown to be of particular importance for the changeover 
from — restrained or unrestrained — horizontal outward movement to inward 
movement. In a geometric linear analysis only the outward movement, however, 
not the subsequent inward movement of the edge beams could be simulated. 
Further, material non-linearity was considered. 
A Regular Newton Raphson incremental iterative method was applied evaluating 
the tangential stiffness matrix during each iteration. Thus, the prediction of the 
iterative increments is based on the last known or predicted situation. The 
Regular Newton Raphson method yields quadratic convergence characteristics 
usually converging to the final solution within a relatively small amount of 
iterations.      
V.3. Verification of the numerical model 
In order to demonstrate that the established numerical model is a suitable tool to 
predict the structural performance of slabs under membrane action and validate it 
based on the available experimental test results, the calculation results obtained 
from the finite element model are illustrated in this section and comparisons are 
made with respect to the experimental findings. 
V.3.1. Load-displacement response 
Figures V.8 to V.10 illustrate the load-displacement curves of the slab 
experiments for both, the displacement under the loads as well as at the mid-span 
section in comparison with the numerical simulations.  
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Figure V.8: Comparison FEM and experiment, load-displacement curves, slab 1 
Figure V.9: Comparison FEM and experiment, load-displacement curves, slab 2  
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Figure V.10: Comparison FEM and experiment, load-displacement curves, slab 3 
Generally, the load-displacement graph for each slab experiment was simulated 
within a reasonable tolerance. For all load-displacement plots, the experimentally 
observed changeover from linear to plastic material behaviour could be predicted 
well. In addition, the yielding of the reinforcement bars, the development of 
plastic hinges at the location of the inner supports as well as the development of a 
yielding plateau could also be observed and accurately predicted in the numerical 
simulations.  
One of the main purposes of this numerical investigation was to see whether it is 
possible to accurately model the increase in the load-carrying capacity of a 
restrained reinforced concrete slab taking the effect of tensile membrane action 
into account. From the load-displacement graphs shown in Figures V.8 to V.10, it 
is demonstrated that the displacements measured under the load and in the mid-
span location when tensile membrane action started to develop and triggering the 
load-displacement capacity to increase, was almost exactly predicted. 
Additionally, the slope under which the load-displacement curves developed with 
increasing tensile membrane action could also be predicted accurately. For all 
slabs, the finite element model calculation stopped when the implemented 
ultimate strength of the reinforcement bars was reached. Thus, the rupture of the 
top reinforcement bars over the inner supports could be modelled for slabs 1 and 
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2. However, a distinction between the rupture at the left or the right inner support 
as seen in the laboratory tests was not possible since only half of the slab was 
modelled making use of the symmetry of the specimens. In case of slab 3, the 
numerical results also showed to be in line with the laboratory observations as the 
model slab collapsed due to the tensile failure of the reinforcement at a curtailed 
section comparable to the failure mechanism of the slab 3 experiment.  
Although modelling of the post peak behaviour subsequently to reinforcement 
rupture appears to be extremely difficult under tensile membrane action, the load-
carrying capacity up to this point was predicted reasonably well giving values for 
the ratio between the laboratory peak load at first reinforcement rupture and 
respective numerically predicted ultimate loads of 0.99 (slab 1), 0.86 (slab 2) and 
0.96 (slab 3).  
The second increase in the load-carrying capacity — as outlined above — is due 
to tensile membrane action just like observed during the experiments. From the 
load-displacement graphs alone, however, no information about the development 
of tensile membrane action and its magnitude is obtained. Hence, these graphs 
should be combined with the measured and numerically predicted tensile 
membrane forces which are investigated in more detail in the next section.    
  
V.3.2. Development of tensile membrane action 
Figures V.11 to V.13 illustrate the development of tensile membrane forces 
observed during the experiments in comparison to the FEM simulation results. It 
can be observed that the overall tensile membrane curves were simulated within a 
reasonable tolerance for the location under the point load as well as in the mid-
span section. In the previous chapter it was already noticed that the increase in the 
load-carrying capacity was predicted rather accurately. However, an explicit 
demonstration that this increase of the load-displacement curves is indeed due to 
horizontal forces also in the numerical simulations is provided in the figures 
below.  
In each slab test, initially no tensile membrane forces were measured as the edges 
of the slabs experiencenced an outward movement which was not restrained. Due 
to the interface-spring connection in the model representing the horizontal 
support condition, no horizontal forces were developing in the model either. 
Further, the starting point of developing membrane forces was modelled in 
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accordance with the laboratory results and the corresponding displacements were 
predicted well for all three slabs.  
It was noted from the numerical results that in case of slab 1 the occuring 
horizontal tensile membrane force was slightly underpredicted. In cases of slabs 2 
and 3, however, the respective simulation showed a slight overprediction in the 
final tensile membrane forces comparable to the overshoot of the ultimately 
carried load (see Figures V.9 and V.10) just prior to failure as the load-carrying 
capacity is very closely linked to the horizontal tensile forces in advanced loading 
stages. 
Figure V.11: Comparison FEM and experiment, tensile membrane force, slab 1 
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Figure V.12: Comparison FEM and experiment, tensile membrane force, slab 2 
Figure V.13: Comparison FEM and experiment, tensile membrane force, slab 3 
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V.3.3. Strain development 
Figures V.14 to V.16 illustrate the experimentally obtained strain measurements 
of an inner support in comparison with the numerically calculated strain outputs. 
Note that the curves of each strain measuring stirrup — 3 on the top and 2 on the 
bottom face (as illustrated in Figure IV.18) — are included directly in the strain 
plots below while the numerical results are given as a mean value over the same 
accumulated distance (600 mm).   
As can be seen from the figures, the overall strain development is predicted 
relatively well and within a reasonable tolerance. For all three slab experiments, 
strain measurements and strain simulations are well-corresponding at the location 
of the inner supports in the initial loading stage when linear material behaviour 
was observed. Further, the transition from linear to plastic material behaviour, i.e. 
yielding of the reinforcement bars, was also predicted rather accurately. Also the 
strain developments under tensile membrane action as well as the ultimate strains 
(when possible to measure experimentally) appear to be simulated in accordance 
with the laboratory results. However, because the experimentally observed strains 
being extraordinary high in the later loading stages, several strain measuring 
gauges (most notably in case of slab 2) dropped out during the experiments as its 
calibrated range was exceeded and/or they lost contact due to the large cracking.    
Particular attention was also given to the strain development and the ultimate 
strains at the bottom location of the inner supports. From the experiments it was 
already shown that the concrete strains were highest at this section. Therefore, the 
numerical strain output of this part is of vital importance when verifying the 
compressive strains the concrete is being exposed to at ultimate load.  
Note that the material properties for concrete in compression were implemented 
in the numerical model as a simplified elasto-plastic material approximation with 
perfect plasticity (see also Figure V.1 (left)). However, from the strain 
illustrations below it is demonstrated that for these specific test configurations, 
this simplification has no major impact on the concrete ultimate strains as they 
comply very well with the measurement results. As such, it is demonstrated that 
the applied material property is a suitable simplification for concrete in 
compression for the specimens under investigation.     
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Figure V.14: Comparison FEM and experiment, strains over the inner supports, slab 1 
Figure V.15: Comparison FEM and experiment, strains over the inner supports, slab 2 
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Figure V.16: Comparison FEM and experiment, strains over the inner supports, slab 3 
V.3.4. Horizontal displacement 
Figures V.17 to V.19 illustrate the total outward and inward displacement of the 
slabs observed during the experiments as opposed to the respective results 
obtained from the finite element simulations. Note that the graphs show 
horizontal outward displacements as positive and consequently inward 
movements as negative values (relative to the starting position). As such, the 
transition point from unrestrained outward movement to restrained inward 
movement with the formation of tensile membrane forces is the crossing of the 
horizontal line corresponding to a horizontal displacement of zero. 
As already discussed in the literature review (Chapter III), restraining horizontal 
movements of structural elements trigger the development of membrane action. 
In case of the tested specimens as well as the verification models, the slabs were 
allowed to extend laterally and as such no compressive membrane action was 
observed. However, illustrating that the outward movement within the 
simulations are conforming to that observed during the tests is of twofold 
importance. First of all, the general applicability of the proposed model needs to 
be demonstrated. And it is also intended to investigate the effect of compressive 
membrane action contributing to the structural performance in early loading 
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stages further in this thesis. The lateral extension is a crucial factor for the 
determination of compressive membrane action. 
In the figures below it can be seen that the model prediction matches fairly well 
with the three slab tests. The increase in lateral extension and also the maximum 
outward displacements are rather accurately simulated. Further, the subsequent 
inward movement, from the maximum point to the zero crossing where tensile 
membrane action starts to occur, is shown to be simulated within a slightly larger 
slope, however, providing relatively good results for the tensile membrane range. 
Figure V.17: Comparison FEM and experiment, horizontal movement, slab 1 
Figure V.18: Comparison FEM and experiment, horizontal movement, slab 2 
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Figure V.19: Comparison FEM and experiment, horizontal movement, slab 3 
V.3.5. Rotation angles 
When looking at the failure mode it was shown that the plastic rotation at the 
sections of the inner supports is a decisive factor since it enables the formation of 
large deformations which are indispensable for tensile membrane actions to occur 
and highly determine the failure load.  
Figures V.20 and V.21 illustrate the experimentally observed rotation angles in 
comparison with the numerically derived (plastic) rotation at the inner support 
section. Note that for the slab 1 experiment no rotation angles were measured and 
these results can therefore not be compared with numerical outputs.     
For both, slab 2 and slab 3, the plastic rotation derived by the finite element 
simulation shows a very acceptable global behaviour. Again, elastic and yield 
load branches are accurately predicted. The simulated rotation angles in the 
tensile membrane region show to be in line with the laboratory observations and 
the ultimate rotation capacity is soundly predicted in case of slab 2 (right in-
between the ultimate rotation of the left and right support). With a value of about 
7.2°, the ultimate rotation calculated by the FEM for model slab 3 shows a small 
over-prediction to the one measured during the experiments being in the 
magnitude of 6.6°.  
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Figure V.20: Comparison FEM and experiment, rotation angles at the inner supports, slab 
2 
Figure V.21: Comparison FEM and experiment, rotation angles at the inner supports, slab 
3 
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V.3.6. Failure mode and cracking 
As already mentioned above, the comparison between the numerically obtained 
crack patterns at the very crucial section of the supports was found to be a useful 
indication for the verification of the model. However, comparing crack patterns 
from experiments and numerical simulations is a challenging task which is not 
easy to establish. As such, the strains occurring over the inner support section at 
the final stage (just at the loading step when the numerical model collapsed due to 
the failure of the reinforcement) was plotted over a monochrome picture of the 
respective slab test at approximately the same loading phase. From Figure V.22 it 
can be noticed that the maximum tensile strains representing the largest crack 
openings in the finite element model are corresponding rather well with the 
opposed cracks observed during the experimental investigation.   
      
In addition, Figure V.23 shows the simulated reinforcement strains at the loading 
step corresponding to the collapse of the model slabs. It is obvious that model 
slab 1 failed due to the rupture of the top reinforcement bars at the inner supports 
just as in the laboratory test because the strain of the reinforcing bars being 
beyond the implemented ultimate strain which was possible as also the rupture of 
the reinforcement was taken into account by implementing a sudden decrease in 
strength towards zero after reaching the ultimate stress and strain of the 
reinforcement. In case of the verification model of slab 2, the failure location was 
found to be over the inner support similar to slab 1 due to the rupture of the top 
reinforcement bars. The failure mode of the FEM is consequently the same as the 
one observed during the experiment.  
Further, Figure V.23 illustrates an increased reinforcement strain at the bottom 
location of the curtailed reinforcement sections. The strains between the line load 
and the mid-span section are larger than the strains at the curtailed section 
between the inner support and the line loads. Note that the reinforcement strain at 
the inner curtailed bottom region was considerably high and comparable to the 
strain at the support section. However, a detailed inspection of the generated 
strains has shown that the collapse of the model slab 2 was introduced at the inner 
support. On the contrary, it is shown that model slab 3 failed due to reinforcement 
rupture at the aforementioned curtailed region between the loading location and 
the mid-span section by exceeding its ultimate strain. Note that this failure 
mechanism is also in line with the experimental observations. 
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Figure V.22: Crack patterns over the inner supports derived from FEM analyses in 
comparison with crack patterns observed during the experiments , slab 1 (top), slab 2 
(middle), slab 3 (bottom), strains in mm/mm 
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Figure V.23: Maximum reinforcement strains derived from FEM analyses, strains in 
mm/mm  
V.3.7. Concluding remarks 
It was demonstrated in several comparisons of the test observations and the finite 
element models (such as the load-displacement response, the development of 
tensile membrane action, the strain development, the horizontal movement, the 
rotation angles, the crack patterns over the inner support as well as the failure 
mode) that the established numerical model is providing an adequate modelling 
framework in order to investigate the structural behaviour of reinforced concrete 
slabs under membrane action. As such, it is a suitable tool to study different 
design parameters in terms of a parametric study. Thus, the following chapter 
focusses on the assessment and the discussion of the effect of varying model 
configurations and material characteristics which are expected to influence the 
structural behaviour under membrane action the most.       
Numerical investigation 183 
V.4. Parametric study 
V.4.1. Influence of varying span length 
In order to investigate the influence of varying slab lengths, several additional 
model configurations were analysed. On the basis of the verified finite element 
model of slab 1, various span lengths between the inner supports were considered 
while retaining 160 mm depth and 135 mm effective depth for all the simulations 
and keeping all other parameters exactly the same as in the validated model for 
slab 1. In total five numerical calculations were performed with span lengths of 6 
m, 7 m, 8 m (verification model slab 1), 9 m and 10 m giving span-to-depth ratios 
of 37.5 (6 m), 43.75 (7 m), 50 (8 m), 56.25 (9 m) and 62.5 (10 m), respectively. 
Figure V.24 illustrates the varying load-displacement responses for different span 
lengths. In addition, the experimentally obtained load-displacement graph is 
shown in the same plot. It is obvious that the initial deflection due to the gravity 
load increases with increasing span lengths between the inner supports. As such, 
displacements between 2.5 mm in case of the slab with a span length of 6 m and 
about 60 mm for the same slab with a 10 m span were observed. Further, the 
stiffness of the slabs in the elastic phase right before yielding of the reinforcement 
bars decreases accordingly with increasing span lengths. The yielding plateau of 
the 6 m slab establishes at a load of 105 kN while the other slabs undergo the 
same phase at load levels of about 80 kN (7 m), 60 kN (8 m), 45 kN (9 m) and 35 
kN (10 m). 
Each of the numerical models developed a load-displacement behaviour 
coinciding with tensile membrane action when a displacement in mid-span of 
approximately 300 mm was exceeded. As such, the influence of the span length 
on the starting point at which tensile membrane action occurs, appears to be 
negligible. Further, the slope of the load-displacement graphs developing under 
tensile membrane action is similar for the model slabs under investigation. This 
behaviour may be attributed to the material model used for the reinforcing steel 
being unchanged for all simulations and in accordance with the laboratory 
experiment.  
Further, it can be seen in Figure V.24 that the different load levels which 
established already when the respective yielding plateau formed, remain also in 
the tensile membrane range. As such, it is shown that slabs with shorter spans are 
able to carry a higher load when being exposed to the same deformation in the 
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tensile membrane range. In other words, an increasing span length of the slab will 
demand larger displacements in order to establish the same load level.  
Note that the ultimate load level of slabs with inner spans of 9 and 10 m is 
considerably higher than the final loads observed during the experiment and the 
respective numerical simulation of slab 1, although the spans are longer. This 
behaviour, however, can be attributed to the full development of a second set of 
plastic hinges, not only over the inner supports, but also at the locations of the 
load application points.   
Figure V.24: Influence of the span (or span-to-depth ratio) on the load-displacement 
response 
The load-displacement response of fully restrained slabs with varying span 
lengths similar to the previous illustration is shown in Figure V.25. However, in 
contrast to Figure V.24 where the horizontal support condition was modelled as a 
spring coefficient in accordance with the laboratory test of slab 1, Figure V.25 
illustrates the structural behaviour of the same model slabs being perfectly 
restrained in the horizontal direction against inward and outward movement of 
the edge beams. 
It is observed that none of the perfectly horizontally restrained slabs failed before 
entering the tensile membrane stage. From the numerical simulations it is noticed, 
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in particular for the slabs with shorter spans, that the initial stiffness is 
significantly higher compared to the stiffness provided by bending action only (as 
demonstrated in Figure V.24). According to the literature (e.g. Park (1964), Guice 
and Rhomberg (1989)), this favourable effect can be attributed to the 
development of compressive membrane action as a result of the restrained 
outward movement. Note that the slabs with inner spans of 6 m and 7 m 
developed load-displacement graphs similar to the observations made by Park 
(1964) and Guice and Rhomberg (1989) as illustrated in Figures III.5 and III.6. 
The typical relationship between load and deflection for a restrained slab is 
observed exhibiting a compressive membrane region with a first peak load, a 
softening part or transition region as a result of the yielding of steel and 
disappearing of compressive membrane forces and, lastly, a tensile membrane 
region as described in Guice and Rhomberg (1989). Note that for all simulations 
the ultimate carried loads under tensile membrane action exceeded the first peak 
load provided by compressive membrane action. However, with increasing span 
lengths the positive effect of the restraint outward movement was found to 
decrease and is, as such, of minor or negligibly small influence for the 8 m, 9 m 
and 10 m slabs. Taking also into consideration that a perfect edge restraint is 
almost impossible to establish in reality, these results justify the decision to 
investigate tensile membrane action without horizontal outward restraint for the 
investigated slabs 1, 2 and 3. 
Figure V.25: Influence of the span (or span-to-depth ratio) on the load-displacement 
response for fully restrained slabs 
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The ratio between the first peak load of the fully restrained slab under 
compressive membrane action and the yield load of the aforementioned partly 
restrained slab being exposed to bending action only, is given by the ratio $f,c'c E HAPs for the 6 m slab. 
Figure V.26 illustrates the occurring horizontal forces at the restrained section of 
the edge beams. For all the models compressive membrane forces developed 
initially confirming the observations made by various authors that compressive 
membrane action can increase the initial strength and load-carrying capacity of 
reinforced concrete structures.  
In case of the slab with an inner span of 6 m, a resulting compressive membrane 
force of 1240 kN was observed when the load displacement graph for the 
restrained version of the slab (Figure V.25) showed a first peak load of 126 kN. 
The same specimen being horizontally restrained in accordance with the original 
test set-up generated no compressive membrane forces due to the lack of 
horizontal outward restraint (Figure V.24). Consequently, the yield load of 105 
kN in case of the partially restrained 6 m slab in Figure V.24 is solely induced by 
flexural behaviour.  
      
Figure V.26: Influence of the span (or span-to-depth ratio) on the development of 
membrane action for fully restrained slabs 
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The simulations confirmed that with increasing slab lengths a decrease in the 
maximum compressive membrane action is to be expected giving values of 1060 
kN (7m), 680 kN (8m), 520 kN (9m) and 460 kN (10m), respectively. As such, 
the first peak load of the 7 m slab established at 90 kN providing a ratio $f,c'c E HAH^. 
The compressive membrane force observed for the slabs with span lengths of 8 
m, 9 m and 10 m has shown to be of minor influence on the first peak load and is 
almost disappearing with increasing span lengths. As such, the influence of the 
span length has been found to be larger for small spans as those specimens 
generate much higher resulting compressive forces. Note, that the transition 
region of the load-displacement graphs in Figure V.25 show a post-peak decrease 
in the load-carrying capacity right before entering the tensile membrane stage. 
This decay is due to the reduction of compressive in-plane forces. Note that the 
local minimum loads right after the transition region of the load-displacement 
graphs, especially in case of the slabs with inner spans of 6 m, 7 m and 8 m, can 
actually fall below the yield load of the respective slab just prior to the formation 
of tensile membrane action. 
In the cases of the fully horizontally restrained specimens, tensile membrane 
action started to work at a central deflection of about 240 mm while in the cases 
of the slabs restrained as in the laboratory tests, the visible increase in the load-
carrying capacity due to tensile membrane action started not until a central 
deflection of 280 mm. This behaviour can be attributed to the restraining system 
(anchor blocks and load cells) used for the tests which was exposed to some slip 
effects in horizontal direction as well as the compression of the load cell-steel 
plate connection between the edge beams and the restraining concrete blocks. As 
such, the perfectly restrained slabs provide higher load capacities under tensile 
membrane action at the same state of deflection in the mid-span.     
V.4.2. Influence of the horizontal boundary condition 
From the experimental investigations and the numerical study performed in the 
previous chapter it becomes obvious that the horizontal boundary condition is one 
of the crucial parameters when investigating the influence of compressive and 
tensile membrane action on the structural performance of reinforced concrete 
slabs.     
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Figure V.27 illustrates a load-displacement plot of model slab 1 with perfectly 
restrained edges against inward and outward movement as opposed to a second 
slab with no horizontal supports. The inclination of the load-displacement curve 
of the perfectly restrained model slab in the tensile membrane range can be 
considered as the upper bound slope under tensile membrane action for the slab 
under investigation. As can be seen in Figure V.27, the unrestrained model slab is 
not able to develop any increase in the load-carrying capacity subsequently to the 
yielding of the reinforcement (apart from a relatively small enhancement 
provided by the hardening of the reinforcing steel bars) giving a lower bound of 
the stiffness in the tensile membrane phase for the considered slab dimensions 
and material characteristics. Note that Figure V.27 also serves as a proof of the 
favourable effect provided by tensile membrane action as the two considered slab 
configurations differed only in the edge restraint.  
Figure V.27: Load-displacement response of a perfectly horizontally restrained and 
unrestrained model slab as opposed to the laboratory observations of slab 1   
Further, the load-displacement behaviour of slab 1, as observed during the 
experimental investigation, is also illustrated in Figure V.27. As can be noted, the 
test result of slab 1 and the output of the unrestrained model slab is practically the 
same for the loading range corresponding to the linear elastic phase, 
reinforcement yielding and the slight load increase due to strain-hardening. This 
observation is reasonable as the tested specimen was not restrained against 
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outward movement of the edge beams either. However, when the actually tested 
slab entered the tensile membrane stage, the unrestrained model slab, on the 
contrary, showed no increase in the load-carrying capacity and the structural 
performance of slab 1 resembles more the perfectly restrained model slab.  
When comparing the load-displacement plot of the experiment with the fully 
restrained model slab, it is obvious that the initial stiffness just prior to 
reinforcement yielding is somewhat higher in case of the numerical simulation 
corresponding to the perfect edge restraint. Again, this initial increase in the 
stiffness can be considered as an upper bound stiffness for the considered slab 
configuration and material properties as it implicates the largest to be expected 
compressive membrane force. On the other hand, the loading response of the 
unrestrained model slab and the experimentally obtained load-displacement curve 
are a lower bound for the initial stiffness provided by compressive membrane 
action as in the two latter cases no compressive membrane forces worked on the 
slabs at all and gave the structural response only under flexural behaviour.  
As can be seen in Figure V.27 the load-carrying capacity of the perfectly 
restrained model slab is enhanced through tensile membrane action at a 
displacement in the mid-span section of about 240 mm. In case of the tested slab, 
tensile membrane forces started to develop right at the intersection of the load-
displacement curve of the perfectly restrained model slab and the yielding plateau 
observed in the slab test. However, as already mentioned above, the horizontal 
stiffness during the laboratory test provided by the applied horizontal restraining 
system, was relatively little initially. As such, the yielding plateau seems to 
develop somewhat further until a visible increase in the load-displacement 
response in the tensile membrane range develops at a displacement of about 300 
mm. However, with increasing horizontal forces, the restraining concrete blocks 
established a considerable horizontal force during the laboratory test giving a 
slope to the load-deflection curve in the tensile membrane stage very similar to 
the predicted slope of the perfectly restrained model slab.   
In order to further investigate the influence of the lateral support condition, in 
particular the horizontal stiffness provided by adjacent members, different models 
were developed and investigated. The established finite element model for slab 1 
was provided with horizontal springs as specified in section V.2. However, 
contrary to the verification model, the springs at the edge beams were not 
modelled with multi-linear spring coefficients but with linear springs working in 
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two directions. In total four different boundary conditions were analysed 
comprising values for the spring coefficient  E Hss_}},  E ds_}},  E Pd_}} and  E Hs_}}. Figure V.28 illustrates the relationship 
between tensile membrane forces and horizontal displacements corresponding to 
the spring coefficients K in comparison with the multi-linear restraint condition 
as observed during the slab 1 experiment.  
Figure V.29 illustrates the load-displacement response for slabs exposed to those 
varying restraint levels. Additionally, the maximum expected inclination of the 
graph under tensile membrane action with perfect edge restraint (K = infinite) as 
discussed above and the lower bound inclination provided by bending action and 
hardening of the reinforcement (K = 0) as well as the loading response of the slab 
1 experiment is indicated in the illustration.  
Figure V.28: Tensile membrane forces versus horizontal displacements corresponding to 
the spring coefficients K and experimentally observed multi-linear restraint condition (slab 
1) 
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Figure V.29: Load-displacement response for different restraint levels 
From Figure V.30 — illustrating the development of membrane forces with 
increasing displacements — it is observed that compressive membrane forces 
formed in each model slab while a decreasing value for the spring coefficient K 
implicates a decrease in the resulting compressive membrane force. A maximum 
horizontal force of 134 kN for the slab with  E Hss_}}  was observed 
while the model with  E ds_}} developed a maximum compression force 
of 77 kN. Further, for the spring coefficients  E Pd_}} and  EHs_}} horizontal compression forces of 44 kN and 18 kN, respectively, 
were observed. It was, however, generally noticed that the influence of 
compressive membrane action on the load-displacement behaviour for the 
varying K values was of marginal influence and, hence, it can be seen in Figure 
V.29 that the load-displacement curves are practically the same prior to the 
tensile membrane stage. Only in case of the slab with  E Hss_}} a slight 
decrease in the load-carrying capacity is visible after the maximum compression 
force is reached. This negligibly small influence on the load-carrying capacity 
under compressive membrane action appears to be reasonable as in the (relatively 
unrealistic) case of perfect edge restraint the influence of the restrained outward 
movement was already seen to be rather insignificant for this model slab.    
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Figure V.30: Development of membrane forces for different restraint levels 
The slab with  E Hss_}} developed an ultimately carried load of 161 kN 
under a tensile membrane force of 707 kN. Further, the model slab with  Eds_}} established a collapse load of 165 kN while being horizontally 
exposed to a load level of 624 kN. The model slabs with  E Pd_}}  and  E Hs_}} were exposed to axial forces of 294 kN and 124 kN resulting in 
collapse loads applied on the model slabs of 110 kN and 86 kN, respectively. 
V.4.3. Influence of the ultimate reinforcement strain  
The plastic deformation capacity of reinforced concrete structures mainly 
depends on the ductility of the steel reinforcement. Conventionally, only a linear 
elastic behaviour is considered in the design of reinforced concrete structures 
where the structural capacity is governed by a linear relationship between the 
curvature and the bending moment in each section (which can be cracked or 
uncracked). However, in case of severe loading and the development of very 
large deformations, the plastic material reserves are of crucial importance.  
In this section the influence of the ultimate strain capacity of the reinforcing steel 
on the load-carrying capacity is investigated. For this reason, different finite 
element simulations have been performed on the basis of the validated model slab 
only varying in the ultimate strain 9. The overall stress-strain relationship of the 
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reinforcement was modelled for all simulations in accordance with the tensile 
tests on the reinforcement bars as explained in section IV.3.5.2. However, the 
ultimate strain 9 was considered to be 4.3 %, 6.3 %, 8.3% (average value of the 
tensile tests) or 10.3 %, at an ultimate tensile strength of 605 MPa.  
Figure V.31 shows the experimentally obtained relationship between load and 
mid-span displacement together with the performed simulations. Each slab 
simulation stopped when the implemented ultimate strain of the top reinforcement 
bars over the inner support was reached, hence, exhibiting tensile failure. 
Generally, it is observed that the ultimately carried load is strongly influenced by 
the ultimate strain of the reinforcement. Higher ultimate strain values result in a 
higher load-carrying capacity. The model slab with 9 E bA^|  failed already 
before changing over to the tensile membrane stage at a load of around 64 kN. In 
the simulation where an ultimate strain 9 E hA^| was considered, the tensile 
membrane stage was reached, increasing the carried load to 97 kN when the 
reinforcement failed. The load-displacement plot with an ultimate strain value 9 E oA^| corresponds to the verification model for the slab 1 experiment and 
has already been discussed in section V.3. Further, the model slab with an 
implemented ultimate strain 9 E HsA^|  exceeds the load-carrying capacity 
observed in the experimental investigation as the increased ultimate strain value 
allows for larger deformations and rotation angles at the section of the inner 
supports. Consequently, the reinforcement failure over the support is predicted at 
a load level of about 216 kN in that case.           
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Figure V.31: Load-displacement response for different ultimate reinforcement strains 9
(partial horizontal restraint in accordance with the experimental investigation) 
Figure V.32 provides similar information about the load-carrying capacity of 
slabs being perfectly restrained against horizontal outward and inward movement. 
Apart from the horizontal boundary condition and the ultimate strain value of the 
reinforcement, the reference simulation of slab 1 as outlined in section V.2 was 
unchanged.    
As can be seen, the overall structural performances of the model slabs are very 
similar only differing in the collapse load and associated deflection. Since the 
ultimate strain capacity is not yet exhausted in the compressive membrane phase, 
no influence is observable in the early loading range. The load-displacement 
curve of the slab simulation with 9 E bA^|, on the other hand, has an ultimate 
load of 71 kN and is capable of entering the tensile membrane stage contrary to 
the respective slab with an edge restraint corresponding to the slab experiments.  
Further, the perfectly restrained model slabs with 9 E hA^|, 9 E oA^| and 9 E HsA^| established a load capacity of 147 kN, 187 kN and 221 kN, all of 
them being larger than the respective simulation with the horizontal restraint 
according to the laboratory condition taken into account. 
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Figure V.32: Load-displacement response for slabs with perfect edge restraint and different 
ultimate reinforcement strains 9  
V.4.4. Influence of reinforcement curtailment 
Figures V.33 and V.34 illustrate load-displacement graphs for several degrees of 
reinforcement curtailment. While Figure V.33 gives information about the 
structural performance for slabs based on the verification model of the slab 2 test 
(with 50 % of the reinforcement being curtailed), the load-carrying capacity under 
different percentages of curtailment for a perfectly restrained slab is shown in 
Figure V.34. For both considered configurations the material properties and 
geometrical dimensions of the verification model of slab 2 as outlined in section 
V.2 were unchanged. Note that also the locations of the curtailed sections were 
the same as in the slab 2 test and the respective verification model.     
Generally, it was noticed from the load-displacement graphs that an increase in 
the percentage of reinforcement curtailment reduced the yielding load of the 
slabs. In case of the slabs with the 75 % curtailing method, only 25 % of the 
reinforcement bars were running over the entire length of the slab. As such, only 
one quarter of the bottom reinforcement compared to the slab 1 test, and one half 
compared with the slab 2 test, was provided in the bottom location of the mid-
span section where the central support was removed. Consequently, both slab 
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configurations failed at the aforementioned section. For the model slab which was 
only partly restrained, this resulted in an ultimate load of about 19 kN. However, 
in case the model slab is perfectly restrained at its edge beams, a clear 
contribution of the enhanced stiffness provided by compressive membrane action 
can be observed in the early loading range. Hence, the slab fails just prior to the 
tensile membrane stage giving a maximum load capacity of 32 kN under a 
maximum horizontal compressive force of 708 kN.   
Figure V.33: Influence of reinforcement curtailment (with a configuration as in slab 2) 
It was noticed that the stiffness in the tensile membrane range was very similar 
for both the 25 % and 50 % curtailment. In case of the partly restrained slabs 
(Figure V.33), the simulations for the by 25 % curtailed slab showed an 
ultimately carried load of about 180 kN at slightly less displacements in the mid-
span section compared to the reference model slab 2. In case of the rigidly fixed 
version of the slab, however, an increase in the ultimately carried load for the 25 
% curtailment was observed (see Figure V.34).   
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Figure V.34: Influence of reinforcement curtailment for slabs with perfect edge restraint 
It was already described in section IV.7 that the experimental investigation of 
slab 3 (with curtailed reinforcement and a reduced thickness of 140 mm) revealed 
that the specimen failed at the curtailed section between the load application point 
and the mid-span section. The collapse triggering event was observed at the 
aforementioned curtailed bottom section while the plastic rotation capacity at the 
location of the inner support was not exceeded yet. It therefore appears to be 
necessary to study the structural capacity of slab 3 not only for the case of 
curtailed reinforcement but also for a continuous reinforcement arrangement 
excluding local failure due to curtailment. 
Figure V.35 illustrates the experimentally observed load-displacement graph of 
slab 3 and its numerical model as derived and explained in section V.2. Further, 
the results of a second finite element calculation were included giving the load-
displacement response of slab 3 when no reinforcement curtailment is considered 
but continuous flexural reinforcement is placed over the entire length of the slab 
similar to slab 1.  
From the figure below it is noted that the model with no curtailment results in a 
yielding plateau at a load level of about 50 kN as opposed to 29.5 kN in case 50 
% of the reinforcement is curtailed. Further, a considerably enhanced strength in 
the tensile membrane range was observed, yielding an ultimately carried load of 
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260 kN exceeding the final loads observed during the slab 1 and slab 2 
experiment by far.  
Figure V.35: Influence of reinforcement curtailment on the load-displacement response of 
slab 3 
Figure V.36 provides information about the development of tensile membrane 
forces for the slabs under investigation. Initially, the tensile membrane curves 
develop in a very similar way for both reinforcement arrangements until a 
displacement in the mid-span region of about 320 mm is reached. Regarding the 
slab with curtailed reinforcement, the strains at the curtailed bottom section 
(where the slabs failed later on) strongly increased in a wide crack. As a result, 
the tensile membrane plots for the experiment and the verification model show a 
bend while the membrane force in case of the continuously reinforced model slab 
continued to increase almost linearly. Note that the tensile membrane forces in 
the continuously reinforced slab exceed the capacity of one reinforcement layer 
(about 760 kN) in contrast to the slab 1 and slab 2 test. As such, not only the top 
but also the bottom reinforcement layer contributes to a significant amount to the 
load increasing effect of tensile membrane action. 
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Figure V.36: Influence of reinforcement curtailment on the development of membrane 
action in the slabs  
Moreover, it is observed that in case of the adjusted model slab 3 with continuous 
flexural reinforcement, plastic hinges at the location of the inner supports as well 
as at the load application points fully develop. An illustration of the deformed 
shapes of the verification model of slab 1 and the same model with an increased 
slenderness (slab 3 with continuous flexural reinforcement) is provided in Figure 
V.37. It is obvious that the deformations under the loading point are much higher 
for the thinner slab version where the displacement under the load is almost 
exactly the same as in the mid-span section.  
As illustrated in Figure V.23, the strain peak developing at the curtailed section of 
slab 3 where the failure occurred is extremely localised. By means of a further 
numerical study two ways of avoiding such a failure mode could be identified: 
Either by increasing the length of the curtailed reinforcement bars by 100 mm or 
by decreasing the percentage of curtailment from 50 % to 40 %, the failure 
location was found to shift from the curtailed section to the inner support section 
similar to the failure mode of slab 2.  
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 Slab 1(top)             Slab 3 with continuous reinforcement (bottom) 
Figure V.37: Deformed shape at collapse load derived from finite element modelling, slab 
1 (top) and slab 3 with continuous reinforcement (bottom) 
V.4.5. Influence of the reinforcement ratio 
Figure V.38 illustrates the influence of varying reinforcement ratios on the load 
carrying capacity of model slab 1. Reinforcement ratios < E  e of 0.25 %, 
including half the amount of reinforcement in the bottom as well as in the top 
layer, 0.5 % in accordance with the numerical model of the slab 1 experiment and 
1 % representing the double amount of reinforcement compared to the slab test, 
were considered. Generally, increasing reinforcement ratios increased the 
structural robustness of the slabs. In case of the model slab with a reinforcement 
ratio of 0.25 %, the yielding plateau was established at a load level of 20 kN. 
However, the slab failed before tensile membrane forces could be generated. The 
slab with a reinforcement ratio of 0.5 % is exactly the same as the verification 
model of slab 1 and has as such sufficiently been discussed.  
When the amount of reinforcement is increased up to a reinforcement ratio of 1 
%, the yielding plateau establishes at a load level of about 140 kN. Further, the 
changeover from elastic to plastic material behaviour occurred at twice the load in 
comparison to the slab with a reinforcement ratio of 0.5 %. This finding is 
reasonable as exactly the double amount of reinforcement was provided.   
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The slab with a reinforcement ratio of 1 % entered the tensile membrane stage at 
approximately the same mid-span deflection as the slab with a reinforcement ratio 
of 0.5 %, however, at a strongly enhanced load. Considering the carried load for 
the reinforcement ratios of 0.5 % and 1 % at the same mid-span deflection, it 
becomes obvious that the slab with the double amount of reinforcement can carry 
approximately twice the amount of load in the tensile membrane range. However, 
this does not hold for the ultimate load level where a higher rotation capacity in 
the case of the slab with a reinforcement ratio of 1 % was achieved. 
Figure V.38: Influence of the reinforcement ratio on the load-displacement behaviour 
Figure V.39 illustrates the development of tensile membrane forces. As already 
mentioned, the model slab with a reinforcement ratio of 0.25 % was not able to 
reach the tensile membrane stage. As such, the curve develops until a deflection 
of about 300 mm without visible increase in tensile membrane force. Further, it 
was observed that the slab with a reinforcement ratio of 1 % developed almost 
exactly twice the tensile force in comparison with the slab 1 experiment.  
In order to investigate whether perfect edge restraint has a favourable effect on 
the ultimately carried load for slabs with a reinforcement ratio of 0.25 %, the 
partially restrained model slab was compared with the same model configuration 
but rigidly fixed at its edge beams. From Figure V.40 it is observed that the 
perfectly restrained slab model is able to generate tensile membrane forces and 
the clearly underdimensioned slab is able to exceed the yielding load up to an 
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ultimate load level of 77 kN. Again, the influence of considering realistic edge 
restraint conditions becomes clear as models with perfect edge restraints might 
considerably overestimate the load-bearing capacity.       
Figure V.39: Influence of the reinforcement ratio on the development of tensile membrane 
forces 
Figure V.40: Influence of perfect edge restraint on the structural behaviour of slabs with a 
reinforcement ratio of 0.25 % 
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V.4.6. Influence of the reinforcement strength 
In order to investigate the influence of the reinforcement strength on the structural 
behaviour under tensile membrane action, several model configurations with 
respect to the yield and ultimate strength of the reinforcing steel bars have been 
elaborated on the basis of the verification model of the slab 1 test. Table V.I 
illustrates the alternative material characteristics that were considered for the 
reinforcement bars. For all simulations the modulus of elasticity as well as the 
ultimate reinforcement strain was kept unchanged.  
Table V.1: Considered reinforcement properties  
Model J J 
[Mpa] [Mpa] [%] 
A 400 455 0.19 
B 500 555 0.24 
C (Verification model slab 1) 555 605 0.27 
D 600 655 0.29 
Figures V.41 and V.42 illustrate the load-displacement response for two general 
slab configurations (partial and perfect horizontal restraint) taking different 
reinforcement strengths into account. Figure V.41 describes the effect of different 
material models for the reinforcement on the basis of the slab 1 experiment with 
non-linear horizontal restraint stiffness while Figure V.42 represents the same 
model assuming the horizontal edge supports to possess perfect rigidity. As 
illustrated below, all model slabs were able to enter the tensile membrane stage 
irrespective their ultimate tensile strength and were able to activate a considerable 
amount of tensile membrane action triggering the load-displacement graph to 
increase. As could be expected, the model slabs with higher maximum 
reinforcement strength could activate the highest amount of horizontal tensile 
forces for both the slab with partial and with perfect edge restraint. As such, the 
highest ultimately carried loads were observed for the reinforcement of type D. 
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Figure V.41: Influence of ,  and 9 on the structural behaviour (based on the numerical 
model of slab 1)  
Figure V.42: Influence of ,  and 9 on the structural behaviour (based on the numerical 
model with perfect edge restraint) 
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V.4.7. Influence of the slab thickness 
Figure V.43 shows the load-displacement plots for different slab thicknesses. The 
development of membrane forces with increasing mid-span displacements is 
illustrated in Figure V.44. The analyses were performed on the verification model 
of the slab 1 experiment varying only in slab thickness while keeping the same 
amount of reinforcement and concrete cover. In addition, a perfect edge rigidity 
was assumed.  
Figure V.43: Influence of the slab thickness on the structural behaviour for slabs with 
perfect edge restraint 
As can be seen in the above illustration, the influence of the slab thickness on the 
structural performance due to compressive membrane forces, is considerable. 
Although the 160 mm thick model slab (effective depth of 135 mm) is developing 
maximum compressive membrane forces in the magnitude of 690 kN, it can be 
seen that the influence on the initial peak load is rather small. This was already 
stated in section V.4.2 where the structural behaviour of the model slab under 
investigation was compared with a horizontally unrestrained equivalent. When 
the slab thickness is increased to 180 mm (effective depth of 155 mm) or 200 mm 
(effective depth of 175 mm) a clear distinction between the compressive 
membrane, transition and tensile membrane region can be made. It is shown that 
increasing the slab thickness leads to an increased compressive membrane force. 
As such, the 180 mm thick model slab generated a compressive force at the 
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lateral edge restraints of about 1050 kN resulting in a first (vertical) peak load of 
85 kN. The corresponding slab with a thickness of 200 mm developed a 
compressive membrane force of about 1650 kN yielding a first (vertical) peak 
load of 125 kN.  
Figure V.44: Influence of the development of membrane forces for slabs with perfect edge 
restraint 
Further, it is also observed from Figure V.44, that increasing the slab slenderness 
leads to an earlier start of the tensile membrane phase. Therefore, the slab with a 
thickness of 160 mm changes over from compressive (positive) to tensile 
(negative) membrane forces at a smaller mid-span displacement and the ultimate 
load under tensile membrane action is actually higher due to the geometric non-
linear behaviour (2
nd
 order effect). 
V.5. Summary and conclusions 
In order to develop a suitable modelling framework to predict the structural 
behaviour of one-way reinforced concrete slabs under membrane action, a two-
dimensional non-linear finite element model has been established. As a first step, 
it was intended to numerically simulate the structural response of the conducted 
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slab tests and to investigate whether the proposed finite element model is able to 
predict the favourable contribution provided by tensile membrane action.  
The numerically derived load-displacement curves for the three slab 
arrangements were compared with the original experimental results in order to 
provide a verification of the proposed numerical model. Generally, the 
simulations yielded fairly accurate results reproducing the load-displacement 
curves for both the location at the line loads as well as at the mid-span section. 
Although the structural post peak behaviour after reinforcement rupture could not 
be modelled, the loads and displacements under which the reinforcement failed 
were simulated in accordance with the experimental investigations.  
To provide further verifications proving the finite element model to be adequate, 
the development of tensile membrane forces was studied and these also 
confirmed good results in comparison with the slab tests. As such, it was shown 
that the second increase in the load-displacement capacity was indeed provided 
by tensile membrane action. The numerically derived strains at the sections of the 
inner supports have shown to be in good agreement with the experimental 
findings especially for the elastic and plastic part of the loading range but also for 
the strains under tensile membrane action (as far as could be investigated). 
An inspection of the rotation angles has shown that the proposed finite element 
model is able to predict the plastic rotations at the section of the inner supports. 
As for the horizontal displacements obtained from the finite element calculations, 
it was demonstrated that the model results yield also good results. Additionally, 
the experimentally obtained crack patterns at the location of the inner supports 
just prior to the first reinforcement rupture were compared with the numerically 
calculated concrete strains at the same location and loading stage giving an 
indication of the crack pattern. From the visual inspection of the crack patterns it 
was noticed that the maximum tensile strains representing the largest crack 
openings in the finite element model correspond rather well with the cracks 
observed during the experimental investigation. Further, it was demonstrated that 
the collapse mechanism of the slab simulations was in line with the reinforcement 
failure of the slab 1 and slab 2 experiments. In addition, the collapse mechanism 
observed during the testing of slab 3 was also predicted by the numerical model. 
From the presented numerical calculation results it was concluded that the 
proposed finite element model is indeed a suitable tool to simulate the favourable 
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effect of membrane action on the structural capacity of one-way reinforced 
concrete slabs. Further, several alterations with regard to the geometry, boundary 
conditions and material characteristics of the validated finite element model have 
been made in order to investigate the influence of different parameters. Two 
general model configurations were considered involving the cases of horizontal 
restraints according to the slab experiments and perfect horizontal edge restraint. 
Influence of the geometry 
Alterations in the model geometry included different slab lengths with spans of 6 
m, 7 m, 8 m (original test configuration), 9 m and 10 m. Further, the influence of 
the slab thickness was studied on model slabs with thicknesses of 160 mm 
(original test configuration), 180 mm and 200 mm. The following conclusions 
could be drawn: 
• The yield load increases with decreasing span lengths. Irrespective of the 
span length, each model slab entered the tensile membrane stage starting 
to develop tensile membrane forces for each considered boundary 
condition. For a specific mid-span deformation the carried load in the 
tensile membrane range is larger for slabs with small slab length at the 
same mid-span deformation. 
• For perfectly restrained slabs with an inner span of 7 m or smaller, 
compressive membrane action contributes to the structural response in 
the early loading range. Considering a span length of 8 m (corresponding 
to the laboratory tests) or larger, the influence of a restrained outward 
movement was of negligible influence on the structural capacity under 
compressive membrane forces.
• For perfectly restrained slabs, an increase in the slab thickness leads to 
an increase in compressive membrane action and also to a delayed 
transition from compressive to tensile membrane action.
• Having considered different slab thicknesses, thinner slabs led to higher 
loading capacities once the tensile membrane range was reached. 
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Influence of the boundary condition 
The structural capacity under different horizontal restraint conditions was 
investigated. Two bounding values of the load-displacement curves were 
discussed considering slabs with perfect edge restraint as well as slabs being 
horizontally unrestrained. Further, the influence of different restraint rigidities 
was investigated for horizontal spring constants between 10 kN/mm and 100 
kN/mm resulting in the following conclusions. 
• The slabs with perfect edge restraint give an upper bound stiffness of the 
loading response in the tensile membrane range. The slab with no 
horizontal restraint provides a lower bound being exposed to bending 
action only. Load-displacement plots with varying edge rigidities will 
result in loading capacities under tensile membrane action between those 
two benchmark responses.  
• An increase in the horizontal restraint stiffness increased the resulting 
compressive and tensile membrane forces. 
• For the considered slab length of 8 m, only insignificant influences of 
the compressive membrane forces on the loading response are 
observable. However, the model slab is very sensitive to the horizontal 
stiffness in the tensile membrane branch of the loading response 
showing an increase in the carried load with increasing edge rigidity. 
Influence of reinforcement curtailment 
In order to investigate different degrees of reinforcement curtailment on the 
structural response under membrane action, curtailment was applied on 25 %, 50 
% (corresponding to the slab 2 experiment) and 75 % of the longitudinal flexural 
reinforcement. Analyses were performed on both perfectly and partially 
horizontally restrained specimens. The following conclusions could be drawn: 
• The yield load of the slabs under investigation decreased when the 
proportion of curtailed reinforcement increased.  
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• Slabs with 75 % of the reinforcement being curtailed did not enter the 
tensile membrane phase and failed in the mid-span section irrespective 
of the horizontal restraint. The perfectly restrained slab, however, 
established a somewhat higher load capacity.  
• Once the model slabs were exposed to tensile membrane action, the 
influence of reinforcement curtailment was rather small.  
• Curtailment was found to be of crucial importance in case the rotation 
capacity is not exceeded when failure occurred. It was shown that the 
continuously reinforced version of slab 3 could generate a load capacity 
in the tensile membrane range being larger than the one provided by 
slabs 1 and 2 although (or rather because) the effective depth was 
reduced. Further, not only a plastic hinge over the inner support but also 
under the line loads was formed.  
Influence of the reinforcement ratio and material properties for steel 
Besides the geometry and the horizontal boundary condition, the material 
properties of the reinforcement was found to be a decisive factor for the 
occurrence and magnitude of tensile membrane action as the load transmission is 
mainly established by a tensile membrane which is formed by the reinforcement. 
In this context, the influence of the reinforcement ratio through variation in the 
amount of reinforcement, was investigated. Further, the influence of the ultimate 
reinforcement strain as well as of the reinforcement strength was investigated 
resulting in the following conclusions:  
• The ultimate reinforcement strain is a crucial parameter with respect to 
the robustness of the slabs under investigation. An increase in the 
maximum allowable reinforcement strain significantly increased the 
ultimate rotation capacity and the ultimately carried load.  
• Slabs with insufficient strain capacity could not develop tensile 
membrane action. Further, an increase in the ultimate reinforcement 
strain beyond the experimentally determined average strain value, yields 
an ultimately carried load larger than the one observed during the 
experiments.     
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• Increasing the reinforcement strength led to an increase of the collapse 
load as they could generate more tensile membrane forces. The 
reinforcement with the largest ultimate tensile strength ( E hdd(+) 
triggered a load capacity beyond the experimentally and numerically 
observed load level (based on an experimentally obtained value of  E hsd(+).  
• An increased reinforcement ratio from 0.5 % to 1 % in both the top and 
the bottom reinforcement layer results in approximately twice the 
amount of tensile membrane forces and load capacity (at the same state 
of mid-span displacement).  
• Decreasing the reinforcement ratio to 0.25 % led to a decrease of the 
yield load level. In the case of perfect edge rigidity, tensile membrane 
action was observed. The reinforcement ratio of 0.25 % was insufficient 
to reach the tensile membrane stage in case of the slab with partial edge 
restraint.  
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CHAPTER VI: 
ANALYTICAL VERIFICATION
________________________________ 


“All which is beautiful and 
noble is the result of reason and 
calculation.” (Charles Baudelaire) 
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VI.1. Introduction 
The present Chapter VI is dedicated to the analytical verification of tensile 
membrane action in reinforced concrete slabs. Subsequent to the current 
introduction, some previous analytical approaches to determine the loading 
response in the tensile membrane range are provided for two-way as well as one-
way slabs, and one of the models is applied to the slab system under investigation 
(section VI.2). Next, an analytical model based on the plasticity theory is 
proposed for slabs with perfectly restrained edge beams and the results are 
compared with numerical simulations. Further, the non-linear stiffness provided 
by the restraining system in the case of the laboratory tests is accounted for and 
included into the analyses resulting in a comparison between the proposed 
analytical model and the experimental investigation (section VI.3). Finally, 
conclusions are drawn in section VI.4.     
VI.2. Previous analytical research in tensile membrane 
action  
VI.2.1 Two-way slabs  
Park (1964) elaborated an equation to describe the load-displacement relationship 
for a uniformly loaded and perfectly restrained slab in the tensile membrane 
range. The linear relation between the applied load and the respective deflection 
for the part CD in Figure III.5 is given by the equation below:     
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with w = the uniformly distributed load per unit area of the slab,  the central 
deflection corresponding to the applied load, Lx  and Ly  the spans in the short and 
long directions respectively, and Tx and Ty the yield forces of the reinforcement 
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per unit width in both directions. Further, Park stated in 1964 that the ultimate 
load and displacement is dependent on the ductility of the steel. An illustration of 
the load-displacement response derived with the above equation as opposed to 
experimental results of a uniformly loaded, rectangular slab panel is provided in 
Figure III.11 showing good agreement of the loading responses in the tensile 
membrane range.  
Hawkins and Mitchell (1979) investigated factors influencing the initiation and 
propagation of progressive collapse in flat plate structures and provided 
recommendations to defend against progressive collapse caused by punching 
shear failures. Furthermore, they reported on a simplified calculation method 
allowing for the determination of the tensile membrane resistance of restrained 
reinforced concrete slabs. 
The method proposed by Hawkins and Mitchell (1979) assumes that the 
membrane takes a circular deformed shape as illustrated in Figure VI.1. 
Figure VI.1: Circular deformed shape according to Hawkins and Mitchell (1979)  
On the basis of this deformed shape, the following formulations were derived 
allowing for a quantification of the carried load w: 
3 E P2' ©³´h9'&' p
P2 ©³ µ&'& ´h9'¶& @²GA PB
and accordingly, for isotropic reinforcement: 
3 E b2' ©³ ´h9'&' E b2 ©³´h9& @²GA ^B
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where  &'= the short span length of the slab &= the long span length of the slab  2'= the tension per unit length in the direction of  &'2= the tension per unit length in the direction of  &
              9' = the membrane strain in x direction 
              9= the membrane strain in y direction 
Brotchie and Holley (1971) proposed the following equation to account for the 
relationship between the uniformly applied load w and the displacement a of a 
square slab in a state where the concrete is completely crushed and consequently 
the reinforcement acts as a simple tension membrane. 
3 E Hh<	
  %· 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in which 	
 = the effective depth to the reinforcement with a yield strength ,      < = the reinforcement ratio and % the span length.  
VI.2.2 One-way slabs 
The theory established by Park (1964) (see section VI.2.1) assumes tensile 
membrane forces to be carried exclusively by the reinforcing steel and does 
therefore not include combined bending and tensile membrane action, which 
would increase the structural capacity of the slab (Guice et al. 1989). Based on 
the standard plastic tensile membrane theory as used by Park for two-way 
spanning slabs, Guice et al. (1989) provided a formula as shown in equation II.5 
to account for slabs with large aspect ratios idealised as one-way slab strips. 
3¡ E o2& @²GA dB
   
where T = the total tensile force carried by the steel for a unit width,  = the 
central deflection, w = the uniformly distributed load and L = the slab length.  
Figure VI.2 shows a comparison between experimental and analytical results 
obtained from Guice et al. (1989). Note that for the analyses both the yield (Ty) as 
well as the rupture strength (Tr) of the reinforcement have been considered 
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providing a good approximation of the loading response in the tensile membrane 
range. A prediction of the ultimately carried load, i.e. when the reinforcement 
ruptures, is not covered by equation II.5. 
Figure VI.2: Comparison of experimentally and analytically obtained loading responses for 
a one-way slab under uniform static pressure   
Similar considerations were made by Regan (1975) who gave an analytical 
prediction of catenary behaviour following the loss of a support on the basis of an 
equilibrium equation on the deformed shape of the specimen. Figure V.3 
illustrates the deflected profiles which were considered. 
Figure VI.3: Deflected profiles following the loss of an internal support (Regan 1975) 
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Considering the moment about the central span, the equilibrium equation for both 
assumptions of the deflected form yields 
" E ¸¹ @²GA hB
with H the horizontal reaction at the support, a the central deflection at the lost 
support, q the total load per unit length and L the length of a single span. Note 
that equations VI.5 and VI.6 are essentially the same when suitably transposed.   
According to Regan (1975), the relationship between the central deflection a and 
the strain over the slab’s length (8&&B can be written as 
8¹¹  M 
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with 8& designating the extension of the slab over the length L. Solving equation 
VI.7 for ¹ leads to the expression 
¹ E ºP 8¹¹ @²GA oB                                                   

for the bi-linear form in Figure VI.3. The relationship between a and (8&&B for 
the parabolic form is given by 
8¹¹  M  ¹ @²GA rB
»¨¼½³¾¿ÀÁ¡Â³¨²Arfor ¹ yields 
¹ E º 8¹¹ @²GA HsB               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Applying the analytical method provided by Regan (1975) to the slab system 
under investigation, the basic correlation of vertical and horizontal forces under 
two line loads F yields the equilibrium equation   
" E Ã¹ @²GA HHB 
when taking the moment about the central span and considering the geometrical 
nonlinearity with L half the span length when the central support is removed. 
The load F can be estimated by combining equations ²GAHs ¡Ä ²GAHH ¨Å Âª¿Ä¿¨ÅÆ¿ÄÇ¡Å¡È¨¼³§©ª¡Ç¿Â¨ E P"º 8¹¹ @²GA HPB
By combining equations VI.8 and VI.11 for the deformed bi-linear shape, the 
load F yields   E P"ºP 8¹¹ @²GA H^B
Figure VI.4 illustrates the load-displacement curves for a fully restrained slab 
with a span length of 8 m derived from finite element modelling at the location of 
the load application points and the mid-span section as opposed to the analytical 
prediction method provided by Regan (1975) taking both the bi-linear and the 
parabolic deformed shape of the slab into account. For the horizontal tensile 
membrane force, a value " E  k  E hrj_ was considered with  the 
reinforcement area of one reinforcement layer and  E ddd _ }}É  the yield 
strength obtained from tensile tests on reference specimens as described in 
section IV.3.5.2. As such, a linear relationship between the applied load and the 
corresponding displacement is obtained.  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Figure VI.4: Comparison of load-displacement curves derived from numerical and 
analytical prediction methods 
It is observed that considering the high level of simplification, reasonable results 
are obtained showing a fairly good agreement with the numerical simulations in 
the tensile membrane range especially with regard to the displacements under the 
line loads. As for this location, smaller deflections are predicted for the bi-linear 
deformed shape in comparison with the assumed parabolic deformation while the 
displacements in the mid-span section are the same for the bi-linear as well as the 
parabolic approximation for the same load level. However, as the ultimate 
extension of the member does not appear in the above formulae, the ultimate 
deflection and corresponding load could not be calculated and the curves increase 
infinitely. Both, Guice et al. (1989) as well as Regan (1975), neglected the 
contribution of moments to the structural capacity under the assumption that the 
reinforced concrete member is cracked all over and that the tensile membrane 
forces are carried entirely by the reinforcing steel. However, considering only the 
plastic tensile membrane, entirely neglecting bending effects may result in 
inaccurate loading responses as there conventionally is still a residual flexural 
capacity which is not accounted for. Further, the horizontal load component is 
considered by a constant value equal to the yield or rupture strength of the 
reinforcement. In reality, the amount of horizontal tensile membrane forces 
increases gradually until the collapse of the member occurs, e.g. by the rupture of 
the reinforcement.  
Analytical verification 221 
VI.3. Development of an analytical model combining 
the standard plastic tensile membrane theory and the 
residual capacity due to bending action   
VI.3.1. Introduction 
In the following, an analytical procedure to determine the structural response 
under tensile membrane action for one-way slabs with perfectly restrained edges 
as well as slabs with partial edge restraint is explained and compared with 
numerical and experimental results serving as a verification of the proposed 
analytical model.    
VI.3.2. One-way slabs with perfect edge restraint 
VI.3.2.1.General concept and deformed shape of slabs with 
continuous flexural reinforcement   
The proposed analytical model is based on a rigid-plastic analysis with plastic 
hinges developing at the location of the inner supports as well as under the line 
loads. The parts between the plastic regions remain rigid as illustrated in Figure 
VI.5. This deformed shape is also in line with assumptions made by Park & 
Gamble (2000). 
Figure VI.5: Deformed shape of the investigated slabs with continuous flexural 
reinforcement 
222 Chapter VI   
In addition, a detailed overview of the acting forces and moments on the slab is 
provided in Figure VI.6 with " the tensile membrane force,  the applied load, 
the deflection under the line loads, () the internal moment and : the rotation 
angle. The moments at the support section and at the loading lines are assumed to 
be equal.  
Figure VI.6: Acting forces and moments on the slab part between the inner support and the 
line load  
With respect to Figures VI.5 and VI.6, the work equation related to bending 
behaviour is given by 
b(: E P@²GA HbB
and consequently the carried load by bending action  yields 
 E P(: @²GA HdB
Taking moments about the yield line at the section of the applied load, the 
additional load component as a consequence of the membrane force " is 
established by the equilibrium equation   
" k  E  k %P@²GA HhB
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yielding an additional load capacity due to membrane action    
 E P"% @²GA HjB
The reduction of the carried load in terms of the self weight of the slab is 
considered by 
a E F% k Ê@²GA HoB
with 
Ê E 6 k  k !@²GA HrB
with 6 the specific weight of reinforced concrete,  the width and ! the thickness 
of the slab. 
Combining equations VI.15, VI.17 and VI.18, the applied load taking into 
account the self weight and a load transfer due to both bending as well as 
membrane action is given by   
 E P(: p P"% F % k Ê@²GA PsB
VI.3.2.2. Cross-sectional analysis 
In order to calculate the internal actions in the plastic regions of the slab, a cross-
sectional analysis is to be performed. Figure VI.7 illustrates the basic relation 
between the occurring strains and respective internal actions in the cross section 
at the location of the inner supports. 
Figure VI.7: Conditions at negative moment yield section (location of the inner supports) 
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In the above illustration 
• 
 E  the force resulting from the stress in the top reinforcement 
•  E  the force resulting from the stress in the bottom reinforcement 
•  E  the force resultant of the concrete stresses = (approximated by 
means of a rectangular compressive stress block) 
The resulting membrane force " is established by 
" E F
 p  p @²GA PHB
In the above equation the internal forces 
 and  are given by 

 E 9 k 
 k  for 9 Ë ,ÌÍ @²GA PPB
and 

 E  k  p @9 F 9B k  k  for 9 Î ,ÌÍ @²GA P^B  
to account for hardening of the reinforcement in line with Figure VI.8. In the 
above equations 9 E the strain in the reinforcement, 
 and  E the moduli of 
elasticity in the linear elastic phase and hardening phase, respectively,  E the 
cross-sectional area of one reinforcement layer and  and  the yield and rupture 
strength of the reinforcement.       
Figure VI.8: Considered stress-strain relationship of the reinforcement bars 
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The force  resulting from the stress block of the concrete in compression is 
given by 
 E sAo k = k  k 4@²GA PbB
with = the stress of the concrete,  the width of the slab and 4 the distance from 
the bottom to the neutral axis of the slab as illustrated in Figure VI.7. 
The value of 4 is established by 
4 E ÏÐ@ÏÑÒÏÐB k 	
@²GA PdB  
  
with 9 the concrete strain, 9
 the reinforcement strain in the top layer and 	
 the 
distance from the bottom to the top reinforcement bars of the slab in accordance 
with Figure VI.7. For the present analysis, the concrete strain 9 was kept at a 
constant value of 0.35 % in line with the ultimate compressive concrete strain 9
proposed by Eurocode EN 1992-1-1 (2004) which is a good approximation of the 
experimentally observed concrete strains (see also Figures IV.41 and IV.43, 9
between 0.23 and 0.47 %).  
Solving equations VI.22-V.25 for increasing strains 9
in the top reinforcement 
layer, 9 E sAss^d and  
9 E D k @4 F 	B@²GA PhB
with the curvature of the cross section  
D E ÏÑ@eÑC'B @²GA PjB  
the resulting tensile membrane force H can be calculated using equation VI.21. 
Having determined the internal forces, the moment ( is established by the 
following equation:  
( E 
 k  F 	 p  k  F 	 p  k  F sAb4@²GA PoB    
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Figure VI.9 illustrates the analytically determined relationship between the 
moment ( and the curvature D for the case of the cross section and experimental 
material characteristics of the tested slab 1. As can be noticed, the acting moment 
in the cross section reduces with increasing tensile membrane forces H (H < 0). 
The maximum tensile capacity Hmax is determined by equation VI.21 at the stage 
corresponding to reinforcement failure, e.g. when the maximum reinforcement 
strain in the top layer at the support section is exceeded. 
Figure VI.9: Moment-curvature relationship 
VI.3.2.3. Determination of the deflection a 
The deflection of the slab at the location of the vertical loads can be approximated 
by 
 E Â¡ : k %P@²GA PrB
with 
: E Â¡C
 8
@	
 F 4B@²GA ^sB
the rotation of the inclined slab section and 
8
E 9
 k %$@²GA ^HB  
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the extension of the slab due to the plastic hinge over an influence length %$.  
As can be seen in Figure VI.10, the experimentally observed deformations, crack 
penetration and, consequently, the measured strains at the top side of the 
specimens were considerable.  
Figure VI.10: Plastic rotation at the section of the inner supports of slab 1 just prior to 
reinforcement rupture 
The importance of the ductility of reinforced concrete members at critical 
sections such as the one illustrated in Figure VI.10 has been recognised before 
and there are still numerous ongoing research projects in this topic (Haskett et al.
2009). The determination of the plastic hinge length %$ appears to be one of the 
decisive factors when assessing the plastic extension and rotation. Research in the 
past has mainly focussed on the quantification of this plastic hinge length in an 
empirical way. Some of those are reported in Haskett et al. (2009) as well as in 
Zhao et al. (2011). For the present analysis, the plastic hinge length was assumed 
to be 
%$ E P k 	
@²GA ^PB
  
which appears to be in line with the empirical approaches and, more essentially, 
with the crack patterns and pictures provided within the experimental part of the 
present thesis.  
  
In summary, the following assumptions were made: 
• Plastic deformation occurs at the section of the inner supports as well as 
under the line loads with the slab parts in-between remaining rigid. 
• The reinforcement strain 9 E sAss^d is constant throughout the 
analysis. 
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• The plastic hinge develops over an influence length %$ of twice the 
distance from the bottom of the slab to the top reinforcement bars. 
VI.3.2.4. Determination of the load-displacement relationship 
Figure VI.11 illustrates the numerically obtained load-displacement relationships 
for a horizontally unrestrained model slab as well as a model slab in line with the 
slab 1 experiment, yet, with its edge beams fully restrained. As can be seen in the 
illustration below, the analytical solution of the perfectly unrestrained model slab 
established by equation VI.20 with the load component due to membrane forces E  c E s_ is providing good agreement with the numerically derived 
yield load.  
When horizontal restraint is accounted for, the proposed analytical model shows a 
considerable over-prediction in the carried load in the early loading range due to 
the overestimation in the concrete strain and, thus, in compressive membrane 
forces. Once the compressive membrane forces transform into tension, good 
results of the tensile membrane stage are observed as the prediction in concrete 
strain is progressively becoming more accurate. Note, that for both the 
horizontally restrained as well as the unrestrained slab configuration the failure of 
the reinforcement and, hence, the ultimate load capacity is predicted reasonably 
well.   
Figure VI.11: Load-displacement relationship, comparison of numerical and analytical 
predictions 
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Combining the two analytically derived load-displacement relationships, i.e. 
before tensile membrane action is activated (H = 0 kN) as well as the additional 
load component due to tensile membrane forces (H < 0 kN), yields the load 
displacement relationship illustrated in Figure VI.12. Additionally, information 
about the relation between the occurring horizontal membrane forces and the 
displacements are provided in Figure VI.13. Note that the ultimate values of the 
tensile membrane force agree very well.    
Figure VI.12: Numerically and analytically obtained load-displacement relationship 
Figure VI.13: Numerically and analytically obtained load-displacement relationship 
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Figures VI.14 and VI.15 provide information about the correlation between the 
numerically and analytically determined collapse loads and ultimate tensile 
membrane forces, respectively, for different slab configurations. The indicated 
diagonal line represents perfect agreement between the numerical and analytical 
analyses. Following the parametric study described in the previous section, 
different slab geometries and reinforcement properties were investigated. 
Furthermore, Appendix C provides more detailed information about the load-
displacement relationship for the considered slab configurations of which the 
results are summarised in Figures VI.14 and VI.15. As the effect of compressive 
membrane action is not accounted for in the analytical model, the numerically 
determined loading responses as illustrated in Appendix C provide in some cases 
higher load levels in the early loading range (e.g. Figure C.4, Appendix C).  
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Figure VI.14: Numerically determined versus analytically determined collapse loads 
Figure VI.15: Numerically determined versus analytically determined ultimate tensile 
membrane forces 
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VI.3.3. One-way slabs with varying degrees of edge restraint 
VI.3.3.1. Application of the proposed analytical model to the test 
results 
It was already stated in Chapter IV, that the horizontal stiffness provided by the 
anchor blocks resulted in a non-linear horizontal inward displacement of the edge 
beams in the tensile membrane phase. In order to account for this horizontal 
movement (a perfect restraint condition is not realistic in practical applications), 
the following logarithmic expressions were used giving a horizontal displacement 
as a function of the tensile membrane force in accordance with the laboratory 
observations. 
7ac
 E sAoj^j k ¼" F sAHP^P@²GA ^^B
7ac E sAhdb^ k ¼" F sAjr^@²GA ^bB  
7ac E sAjsr^ k ¼" F HAhh^@²GA ^dB
in which 7ac [mm] is the horizontal movement of the edge beams for each slab 
experiment and " (has to be implemented with positive algebraic sign, function 
not valid for negative H values) the gradually increasing tensile membrane force 
[kN]. 
The degree of horizontal restraint is one of the decisive factors for the 
determination of the resultant tensile membrane force, the displacements as well 
as the load-carrying capacity under tensile membrane action. Given that the 
maximum tensile membrane force H is achieved for a horizontal extension of the 
slab 8
 due to the formation of a plastic hinge. However, on the other hand, an 
additional horizontal displacement 7 due to the same horizontal force H leads to a 
reduction in tensile membrane action due to the reduced restraint stiffness.    
In order to determine the tensile membrane response of the tested slabs, the axial 
extension due to both plastic deformation as well as the horizontal displacement 
provided by the anchor blocks (or realistic boundary conditions in general) needs 
to be considered. The inclined section between the inner supports and the load 
application points is approximately the hypotenuse of a right triangle with legs of 
the original length sAd k % (see also Figure VI.5) and the displacement  at the 
location of the loading lines. 
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As such, the deflection of the slab that satisfies compatibility is given by 
  

 E tµ%P p 8
¶ F µ%P¶ @²GA ^hB
for a perfectly restrained slab. Because of : Ó c É  and % E b}, the carried load 
by bending action yields  E ÔÕ E ( and the corresponding load level is 
given by   

 E ( p P"

% F % k Ê@²GA ^jB
In an analogue manner,  
 E tµ%P p 8
 p 7¶ F µ%P¶ @²GA ^oB
and 
 E ( p P"% F % k Ê@²GA ^rB
when a horizontal movement 7 of the edge beams is accounted for. 
Solving 
 E  for " yields 
" E "
 k º%8
 p 8
º%8
 p %7 p 8
 p P8
7 p 7 @²GA bsB
providing an estimation of the reduction in horizontal tensile membrane force due 
to the movement of the anchor blocks. 
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VI.3.3.2. Load-displacement and membrane force-displacement 
response  
Figures VI.16 to V.18 illustrate the experimentally obtained load-displacement 
and membrane force-displacement responses as opposed to the analytically 
determined relationships. 
As can be seen from the illustrations below, the general load-displacement curves 
as well as the ultimate load levels of the slab experiments are predicted with a 
reasonable accuracy. Further, the predicted starting point for developing tensile 
membrane action is in line with the experimental findings. Note that the failure 
mechanism for the slab 2 and 3 experiments was changed to a bi-linear deflection 
shape (as opposed to a trapezoid deflection shape of the slab 1 experiment) with 
the moment ( developing at the location of the inner supports and (z E Ô 
the moment developing in the mid-span section in order to account for the 
reduced reinforcement ratio at the bottom (only half the moment as opposed to 
the inner support section). As such, the failure load was determined according to  
  ac E sAjd k ( p P"% F % k Ê@²GA bHB
with  the deflection in the mid-span section and " the tensile membrane force 
obtained from a cross sectional analysis and reduced according to equation VI.40.   
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Figure VI.16: Load-displacement relationship (top), membrane force-displacement 
relationship (bottom) for the slab 1 experiment as compared to analytical results 
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Figure VI.17: Load-displacement relationship (top), membrane force-displacement 
relationship (bottom) for the slab 2 experiment as compared to analytical results 
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Figure VI.18: Load-displacement relationship (top), membrane force-displacement 
relationship (bottom) for the slab 3 experiment as compared to analytical results 
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Some more comparisons with regard to load-deflection curves determined by 
means of numerical and analytical calculations are provided in Appendix C. As 
can be seen, the predicted loading responses taking into account non-linear 
horizontal restraint conditions in accordance with the slab experiments agree very 
well. Further, the analytical model provides good results in terms of the 
ultimately carried loads and corresponding displacements.  
VI.4. Conclusions 
Available analytical methods to predict the loading capacity under tensile 
membrane action mainly focus on the standard plastic membrane theory. While 
Park (1964), Hawkins and Mitchell (1979) along with Brotchie and Holley (1971) 
elaborated equations to describe the load-displacement relationship for uniformly 
loaded and perfectly restrained two-way slabs, the catenary behaviour developing 
in one-way slabs was investigated by Guice et al. (1989) and Regan (1975). 
Although the models proposed in the scientific literature provide good 
estimations for the loading response to some degree (see Figure VI.2), the 
development of the gradually increasing tensile membrane forces and the failure 
point is not accounted for. 
In order to analyse the structural behaviour of one-way slabs together with its 
loading response, the formation of tensile membrane action and the failure load, 
an analytical model was developed considering load transfer mechanisms via 
bending as well as tensile membrane action.  
First, various perfectly restrained slab configurations were investigated and 
compared with numerical calculation results. Although a precise determination of 
the complete membrane force-deflection relationship appears challenging (see 
Figure VI.13), the overall loading response, the ultimate load and corresponding 
tensile membrane force was predicted rather well (see Figures VI.14 and VI.15) 
using a simplified analysis. Next, the proposed method was applied to the 
conducted slab tests incorporating horizontal movements of the restraining 
system. The analysis results (see Figures VI.16 to V.18) show good agreement 
with the experimental investigations.          
Assumptions were made with respect to the deformed shape of the slab under 
investigation, the concrete strain as well as the plastic hinge length. While the 
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determination of the resultant tensile membrane action is unaffected by the 
deformed shape as well as the plastic hinge length, the concrete strain which is 
assumed to be constant throughout the analysis influences the level of the neutral 
axis and as such the value of tensile membrane forces. For the loading capacity, 
however, the potential error is relatively small as with increasing tensile forces 
the relative contribution of the bending deformation to the total load-bearing 
capacity decreases (related to M-N interaction). For the present investigation, a 
constant concrete strain of 0.35 % appears to be a reasonable approximation with 
respect to both numerical as well as experimental test results. Failure due to 
crushing of concrete, however, was not considered in the presented analyses due 
to the fact that a constant strain value was assumed for concrete under 
compression. Following the slab experiments, however, such a failure mechanism 
appears to be unlikely for the studied slab configurations not least because of the 
aforesaid substantial confinement provided by the downward component of the 
reinforcement bars at the support sections at large displacements.  
    
The analytical prediction technique as outlined above is based on a rigid-plastic 
analysis considering the formation of yield lines which define the deformed 
shapes of the specimens under investigation. Although the proposed model 
appears to be generally applicable for other design situations it is important to 
notice that it is necessary to adjust the deformed shape that forms the basis of the 
discussed work equations with respect to differing geometries and loading 
conditions. As such, a bi-linear deformed shape with plastic hinges developing at 
the inner support sections and under the loading point appears reasonable in case 
of one concentrated line load (e.g. at the location of a central column). This may 
also result in a symmetrical deformed shape when the load is acting at mid-span 
or unsymmetrical yield patterns in case of eccentric loading.  
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VII.1. General conclusions and recommendations 
In this final chapter VII, the conclusions drawn from each chapter are 
summarised and some major points of intention are highlighted. Finally, 
recommendations for further research are made. 
VII.1.1. Accidental loading events, force redistribution and alternate 
load paths 
One might have the impression that structural failures are very rare events which 
hardly occur and are the result of some unfortunate circumstances. However, 
collapses due to events like bombing attacks, rock fall, vehicular impacts, design 
errors or other unforeseen circumstances are not scarce at all.  
In conventional structural design every element is studied under the assumption 
that the structural system remains intact and only limited attention is given to 
their connectivity and interaction in case of an accidental event. It was shown in 
the experimental part of this thesis, that in the case of an accidental situation such 
as the removal of a support condition, reinforced concrete structures are able to 
withstand very large residual loads and deformations without losing their 
structural integrity. In case robustness is explicitly accounted for, this often 
involves larger investments and special considerations. The integration of load 
transfer mechanisms, on the other hand, may result in a considerable strength 
increase due to the inherent robustness of the structure without any additional 
measure. 
On the basis of experiments it was demonstrated that the real-scale specimens 
under investigation were able to develop alternate load transfer mechanisms. 
Firstly, each of the specimens generated an alternate load path to the remaining 
bearings as a result of a simulated support removal-scenario in terms of a 
transition from a hogging to a sagging moment at the location of the failed 
support. Even though the specimens were neither explicitly designed for 
robustness nor for accidental events, they did not collapse under gravity load. 
Further, and more importantly in terms of structural robustness, due to the 
beneficial effect of membrane action, a transition from a plastic behaviour 
governed by a flexural load transfer to a catenary mechanism controlled by 
tension was observed enhancing the ultimate load level many times over. In this 
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tensile membrane stage failure loads in excess of the yield load level by a factor 3 
(for slabs 1 and 2) and factor 5.5 (for slab 3) were monitored.  
VII.1.2. Influence of curtailed reinforcement 
The current design guidelines allow for a partial curtailment of the main flexural 
reinforcement in reinforced concrete slabs under certain detailing and fire safety 
requirements. One of the major challenges in the event of a support removal is the 
aforementioned change from hogging to sagging moments as in the case of 
curtailment the bottom reinforcement at this section is significantly lower. In the 
conducted experiments it was shown that a reduction in reinforcement by 50 % in 
the curtailed sections, as proposed by the Eurocodes and corresponding national 
annex, did not yield immediate collapse.  
Further, it was demonstrated on the basis of numerical simulations that in case 
when only 25 % of the reinforcing bars were continuous over the slab length, this 
would have resulted in structural collapse before entering the tensile membrane 
stage. It was experimentally proven that curtailment has only a minor effect on 
the loading response and on the associated increase in the carried load up to 
reinforcement failure once the tensile membrane range is reached. 
After the rupture of one reinforcement layer, the tensile membrane force 
established by the remaining reinforcement bars was considerably reduced due to 
the curtailment. In the case of the slabs with curtailed reinforcement also strongly 
reduced final loads at less excessive ultimate displacements were observed. While 
the slab tests on specimens with thicknesses of 160 mm confirmed a failure 
mechanism controlled by the rotation angle at the inner support section ultimately 
resulting in reinforcement rupture, another failure mode was found to be decisive 
for the slab with a thickness of 140 mm showing reinforcement failure at the 
curtailed section between mid-span and one of the line loads. As such, special 
attention should be given to the curtailed sections of a reinforced concrete 
member as they may trigger premature failure in the tensile membrane phase. 
VII.1.3. Developed modelling techniques 
In the framework of part 2 ‘Theoretical investigation of tensile membrane action’ 
of the present PhD thesis, two modelling techniques — a numerical and an 
analytical approach — were proposed. As mentioned above, structural codes, 
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research projects and design methods in the past have mainly focussed on small 
deformation theories making it difficult to validate numerical and analytical 
calculation results. However, the large deformation behaviour of reinforced 
concrete slabs is of crucial importance when robustness is considered. As such, 
the necessity of the establishment of suitable modelling techniques incorporating 
large deformations and membrane phenomena is a necessity in the context of 
robustness considerations.       
In order to validate the proposed finite element model the numerically derived 
structural responses were compared with the original experimental results 
providing a unique set of detailed information. Although the structural post peak 
behaviour after reinforcement rupture could not be modelled, the slab responses 
including the loads, the amount of membrane forces, strains, rotations and 
displacements were simulated in good accordance with the experimental findings. 
Hence, the numerical model proposed in this thesis is found to be a suitable 
prediction method and, therefore, it is recommended to make use of the proposed 
numerical model to support design concepts and to quantify the influence of 
membrane action on the structural response in accidental design situations 
resulting from the removal of a support (or column). 
In order to propose an analytical calculation technique, the standard plastic theory 
in combination with a cross-sectional analysis and incorporation of the tensile and 
bending resistance was investigated and applied. The model is able to predict the 
load transfer mechanism from plastic material behaviour to tensile membrane 
action and corresponding structural response, giving an ultimate load level when 
the rotation capacity at the support section is exceeded due to excessive strains in 
the reinforcement. The analytical approach was validated with regard to the 
numerical output of various slab configurations and the conducted slab tests. 
Despite of an assumed deflected shape as well as the estimation of the strain in 
the concrete, only a minor influence on the load carrying capacity and ultimate 
failure loads was observed. As such, the proposed analytical method provides an 
additional and very practical, simplified alternative to estimate the influence of 
tensile membrane action when very large displacements occur. 
      
VII.1.4. Influence of boundary conditions 
In case of the experimental investigations, the only difference as opposed to 
conventional loading tests has been the horizontal support condition provided by 
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restraining anchor blocks which resisted the inward movement of the slab. As a 
consequence, the horizontal stiffness of these anchor blocks was found to be 
decisive and a key requirement for tensile membrane actions to develop. 
Therefore, even if the designer is able to predict the large deformation behaviour 
of a structural system, increased attention shall be given to the boundary 
conditions established by the adjacent elements as an overestimation of the 
horizontal support stiffness is likely to result in an overestimation of the load-
carrying capacity.  
Making use of the established finite element model, varying boundary rigidities 
were investigated. From the numerical output it was shown that perfectly 
restrained slabs could carry more load than it was observed in the test situation 
with a non-linear restraint stiffness. A reduction in the horizontal boundary 
stiffness led to a reduction in membrane forces and associated load. Moreover, it 
shall be indicated that low horizontal stiffness may result in flexural failure 
instead of tensile membrane action. Further, the structural engineer has to be 
confident that the surrounding structure will be able to withstand the horizontal 
forces corresponding to tensile membrane action. 
VII.1.5. Influence of ductility, strength and amount of reinforcement 
The plastic deformation capacity of reinforced concrete structures mainly 
depends on the ductility of the steel reinforcement. If linear elasticity is 
considered in the design of an element, there also exists a linear relationship 
between the curvature and the bending moment in each section. However, in 
reality only the first part of the loading range can be considered linear. In case the 
yielding moment is exceeded, large cracks form and the curvature considerably 
increases until the strain limit of the reinforcement is reached which plays a 
crucial role in the ultimate failure behaviour. Therefore, the influence of the 
ultimate strain of the reinforcement steel on the structural response was 
investigated.  
Throughout the analyses, more ductile reinforcement always resulted in larger 
ultimate displacements and a significant increase in the ultimately carried load 
once the membrane stage was reached. However, slabs with insufficient ultimate 
strain capacity were not able to develop any tensile membrane forces and failed in 
flexure. The ultimate reinforcement strain was found to be a crucial parameter 
with respect to the robustness of slabs and, as such, it is recommended in the 
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context of robustness to consider the use of steel with high grades of ductility. In 
addition, a lot of attention should be paid to quality control with respect to the 
ultimate reinforcement strain.   
Secondly, the influence of the reinforcement strength was studied on the basis of 
numerical calculations. All investigated slab configurations were able to enter the 
tensile membrane stage. For the model slabs under investigation the influence of 
the ultimate reinforcement strength was therefore found insignificant in terms of 
the activation of tensile membrane behaviour. Further, an increase in 
reinforcement strength led to an enhancement in the activated tensile membrane 
forces and carried load. Similar observations were made with respect to 
alterations in the amount of reinforcement. Reinforcement ratios of 0.5 and 1 % 
were analysed showing an increase in tensile membrane forces approximately 
proportional to their increase in reinforcement ratio. In the case of a 
reinforcement ratio of 0.25 instead of 0.5 %, it was found that the slab 1 
experiment would have failed just prior to the development of tensile membrane 
action.          
VII.1.6. Influence of alterations in geometry 
Investigations towards the influence of different geometries included both 
different slab lengths and thicknesses. As for the first, lengths between 6 and 10 
m were investigated. It was numerically shown that a variation in length has no or 
only insignificant influence on the minimal deflections from where tensile 
membrane action starts to develop. Further, the stiffness of the load-displacement 
response in the tensile membrane stage was almost the same for each considered 
slab length. As expected, a change in length resulted in different yield load levels 
in the early loading range. It was noticed, however, that these different load levels 
remained also in the tensile membrane range. As such, slabs with shorter spans 
were able to carry a higher load when being exposed to the same displacements 
under tensile membrane action. 
The influence of varying thicknesses on the formation of tensile membrane action 
was investigated on the basis of both experimental as well as numerical studies. 
As for the first, a change from 160 to 140 mm influenced the initial structural 
response. However, the loading response in the tensile membrane range showed a 
similar stiffness once the contact between the specimens and the horizontal 
restraining system was established. This finding is reasonable as in the tensile 
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membrane stage the load transmission is mainly due to normal forces in the 
reinforcement and consequently the effective depth of the specimen becomes less 
significant. For perfectly restrained slabs with continuous reinforcement it was 
numerically illustrated that an increase in the slab thickness led to a deferred 
transition from compressive to tensile membrane action and more slender slabs 
were generally found to develop tensile membrane action in a state corresponding 
to less vertical deflections in the mid-span. As such, it was demonstrated that 
thinner slabs could generate more tensile membrane action and also higher 
ultimate load capacities in case of continuous flexural reinforcement. 
VII.1.7. Compressive membrane action 
Although the main focus of the presented PhD thesis was the beneficial 
contribution of tensile membrane behaviour on the loading response in one-way 
slabs, some insights into compressive membrane action have been gained during 
the numerical investigations. It was found that perfectly restrained slabs 
(corresponding to the investigated slab configurations) with an inner span length 
of 7 m or smaller could generate considerable compressive membrane forces 
which contributed to the structural response in the early loading range and 
increased the yield criterion. For span lengths of 8 m (corresponding to the 
laboratory tests) or larger, the influence of restraint against outward translations 
was only of minor influence on the structural performance. Further, an increase in 
thickness led to higher compressive membrane forces and also to a later transition 
from compressive to tensile membrane action.  
With regard to the horizontal restraint stiffness, the resultant compressive 
membrane force was found to increase with higher edge rigidities. For the 
considered slab length of 8 m, however, only insignificant effects on the early 
loading response were observed due to compressive membrane forces. Further, 
only minor influences on the development of compressive membrane action due 
to reinforcement curtailment and the reinforcement properties were observed.   
VII.1.8. Contribution to the state of scientific and technical knowledge 
- A novel real-scale test set-up was developed in order to study the structural 
behaviour of real-scale one-way slabs. It was demonstrated that tensile 
membrane action could be activated, significantly contributing to the 
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structural response at very large displacements, which is of specific 
importance in the framework of robustness analyses.
- Due to the original nature of the test set-up, the test results provide a unique 
set of detailed experimental data (crack widths, deformations, loads, 
horizontal forces, rotation angles, displacements, etc.) allowing for detailed 
insights into tensile membrane behaviour of reinforced concrete slabs.  
- Two modelling techniques — a numerical and an analytical approach — 
were developed and validated on the basis of the experimental findings. They 
have been found capable to simulate and predict the beneficial effect of 
tensile membrane action. 
- The established numerical model was used to perform a parametric study in 
order to investigate the influence of different influencing parameters on the 
structural behaviour under tensile membrane action.
VII.2. Recommendations for further research 
VII.2.1. Experimental investigation 
The newly developed test set-up has shown to be very efficient in terms of 
laboratory experiments on real-scale structural elements subjected to tensile 
membrane action. As such, it is recommended to make use of the already existing 
test set-up and procedure in order to investigate further influencing aspects.  
Along with experimental investigations to support and consolidate the new 
theoretically derived insights, some further investigations could be undertaken. It 
is proposed to study the large deflection behaviour of prestressed concrete slabs. 
In this regard, the testing of e.g. hollow core slabs or prestressed elements, 
appears to be innovative and may raise very large interest in the scientific 
community and the construction industry. Further, in the case of precast concrete 
structures, the investigation of the continuity in joints and structural connections 
under tensile membrane action would pose a second crucial and decisive aspect. 
A common approach to ensure continuity of the reinforcement in slabs with long 
spans is the application of splices in terms of mechanical connections, i.e. welded 
splices or lap splices. An experimental study to quantify its influence on the 
development of tensile membrane action and the failure mode would be of 
particular interest.    
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In the context of structural robustness the Eurocode EN 1991-1-7 (2006) 
recommends the provision of effective horizontal and vertical ties in order to 
generate alternate load paths in accidental situations (see also section II.4.1.1.). 
These code provisions mainly give information about the minimum tie force a 
structure shall be designed for. As it has been demonstrated in the present thesis, 
however, it is of crucial importance that a structural member is also able to 
develop considerable plastic rotations in order to establish the large displacements 
which are a necessity for tensile membrane action to occur. Strain peaks, for 
instance developing at cracked regions nearby the supports, may result in 
premature reinforcement failure in case the ultimate reinforcement strain is not 
high enough to establish the required deformations. An experimental (or 
numerical) analysis to assess the effectiveness of these ties and their contribution 
to the structural robustness appears reasonable and very interesting especially 
with regard to precast concrete structures. The developed numerical models might 
be of use to further investigate also the effectiveness of these ties in case of 
precast concrete elements. In this regard, the advanced analysis of the 
effectiveness of structural ties might also enable a more cost-effective application 
of structural measures in order to increase robustness, rather than just serve as a 
method to design additional reinforcement with the aim to realise sufficient 
structural robustness.         
In the course of the experimental investigation the structural performance due to 
the early developing effect of compressive membrane action was neglected as it 
was found to be of minor importance for the slab configuration investigated and 
would have required disproportionate efforts in terms of funding, man power, 
laboratory facilities and space with regard to the potentially obtained knowledge. 
In the case of other slab dimensions (increased slab thickness or decreased slab 
length) it may, however, be beneficial to incorporate also a restraint in horizontal 
outward movement of the edge beams in order to activate compressive membrane 
forces in the initial loading phase.  
The established test configuration was conceived in order to investigate the 
structural performance of one-way slabs under tensile membrane activity. 
Expanding this one-way approach towards a two-way slab configuration is of 
particular interest since in this case not only a two-dimensional catenary but 
rather a three-dimensional tensile net could be activated at very large 
displacements. Further, valuable knowledge could be gained for different 
support-removal scenarios (e.g. column removal in the centre or at the sides, 
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corner panel removal). Yet, as this test configuration would involve a drastic 
expansion of the test configuration, a medium or half-scale test set-up would be 
preferable.  
VII.2.2. Theoretical investigation 
Detailed numerical models of geometry and material properties have proven to be 
challenging in both calculation time as well as in numerical stability. As such, a 
two-dimensional finite element model (plain stress) was established under the 
assumption of elastic-plastic material behaviour for concrete in compression.  
For the slabs under investigation these simplifications were found to be 
reasonable, however, in some special cases it may be necessary to establish a 
three-dimensional finite element model including detailed material models for 
concrete confinement, concrete softening or the bond-slip relationship for the 
reinforcement bars in order to enhance the accuracy of the calculations or to 
illustrate specific failure mechanisms.  
This also applies for the analytical modelling of the effect of tensile membrane 
behaviour. Detailed investigations to quantify the occurring concrete strains and 
the plastic hinge length appear to be of particular importance in this context. 
Secondly, for the fundamental analysis of the influence of membrane action on 
robustness analyses it is recommended to make use of the developed numerical 
models for membrane actions together with probabilistic models derived from 
material testing as well as probabilistic models based on suggestions as provided 
in the literature. Preliminary probabilistic evaluations of the robustness of the 
slabs under investigation have already proven feasible when Latin hypercube 
sampling was applied for the most important basic variables involved. Based on 
this sampling method in combination with the developed numerical tools, 
robustness indices can be calculated, allowing for an objective quantification of 
the robustness of concrete structures and considering the rather important effect 
of the additional bearing capacity (and its associated uncertainty) which can be 
achieved by membrane actions. 
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Figure A.1: Compressive forces forming arch action (Ockleston 1958) 
Figure A.2: Plastic collapse and instability of a clamped circular slab (Wood 1961) 
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Figure A.3: Examination of tests on slabs with restraint against expansion (Wood 1961) 
Figure A.4: Results of beam tests (Christiansen 1963) 
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Figure A.5: Theoretical and experimental relationship between load and deflection 
(Roberts 1969) 
Figure A.6: Assumed yield-line pattern for uniformly loaded slab with restrained edges 
(Park 1964c) 
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Figure A.7: Rigid-plastic theory, Comparison with test results (Jacobson 1967) 
Figure A.8: Comparison between analytical model and test results (Brotchie & Holley 
1971) 
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Figure A.9: Test slab with details of reinforcement (1 in. = 25.4 mm) (top); Slab 
construction details (bottom) (Guice & Rhomberg 1988) 
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Figure A.10: Comparisons of experimental and analytical results as described in Guice and 
Rhomberg (1988)  
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Figure A.11: (a) General overview slab strip configuration; (b) loading and support 
conditions (Vecchio & Tang (1990) 
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Figure B.1: Steel test frame and edge support details (1 in. = 25.4 mm): (a) base of test 
frame; (b) restrained edge (Park & Gamble (2000) 
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Figure B.2: Static resistance diagram (1 in. = 25.4 mm): thickness of 121 mm (4.75 inch) 
(top); thickness of 152 mm (6 inch) (bottom) (Keenan (1969)) 
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Figure B.3: In-plane forces and stress distribution along the yield lines according to 
Bailey’s method (left: Foster et al. (2004), right: Bailey & Toh (2007)) 
Figure B.4: Comparison of test results for loading tests on horizontally unrestrained slabs 
(Bailey (2001) 
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Figure B.5: Location of 12 loading positions (Foster et al. (2004) 
Figure B.6: Details for isotropically and orthotropically reinforced concrete slabs (Foster et 
al. (2004) 
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Figure B.7: Reinforcement details for slab tests at ambient temperature (Bailey & Toh 
(2007) 
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Figure C.1: Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slabs with different span lengths
Figure C.2: Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with a thickness 
of 160 mm
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Figure C.3: Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with a thickness 
of 180 mm  
Figure C.4: Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with a thickness 
of 200 mm
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Figure C.5: Numerically determined versus analytically determined load-displacement 
relationship for perfectly restrained slabs (based on the model of slab 1) with different 
reinforcement ratios  
Figure C.6: Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strain of 6 %   
Appendix C 271
Figure C.7 Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strain of 8 % 
Figure C.8: Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strain of 10 % 
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Figure C.9 Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strength of 455 MPa 
Figure C.10: Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strength of 555 MPa 
Appendix C 273
Figure C.11: Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strength of 605 MPa 
Figure C.12 Numerically determined versus analytically determined load-displacement 
relationship for a perfectly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strength of 655 MPa 
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Figure C.13: Numerically determined versus analytically determined load-displacement 
relationship for partly restrained slabs (based on the model of slab 1) with varying span 
lengths 
Figure C.14: Numerically determined versus analytically determined load-displacement 
relationship for a partly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strain of 6 %   
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Figure C.15 Numerically determined versus analytically determined load-displacement 
relationship for a partly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strain of 8 % 
Figure C.16: Numerically determined versus analytically determined load-displacement 
relationship for a partly restrained slab (based on the model of slab 1) with an ultimate 
reinforcement strain of 10 % 
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Figure C.17: Numerically determined versus analytically determined load-displacement 
relationship for partly restrained slabs (based on the model of slab 1) with different 
ultimate reinforcement strengths 
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